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Dr. Helene Z. Hill, being of full age and realizing the consequences of the
certification appearing below, says:

1. I am the Plaintiff/Relator in the above captioned action and, as such, have
personal knowledge of the facts set forth in this certification. I make this certification in
opposition to the motion to quash the subpoena that was served on Dr. Thomas Hei, and
which required that he appear for a deposition noticed to take place on July 9, 2008. The
deposition was temporarily adjourned by consent in order to allow Dr. Hei to file a
motion to quash the subpoena. For the reasons which follow, I respectfully request that

the motion to quash be denied.

BACKGROUND

2. This is an action to recover damages and civil penalties on behalf of the United
States of America arising from false statements and claims made and presented by the
defendants and/or their agents, employees and co-conspirators in violation of the Federal
Civil False Claims Act, 21 U.S.C. § 3729 et.seq. as amended ( the “Act”). The violations
of the Act involve the Defendants’ application for, and subsequent receipt of, federal
grant monies (Grant No. ROICA83838) based upon the knowing submission of a grant
application to the United States Department of Health and Human Services, National
Institute of Health (NIH). That application {(as revised), as well the findings of certain
experiments that were subsequently undertaken, were supported with data, statements and
records that were false or fraudulent.

3. Defendant Howell’s revised grant application set forth a proposal to research

the effects of non-uniform distributions of radicactivity and to delineate a biological
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mechanism known as the bystander effect. The designated outcome of the research was to
achieve a better understanding and prediction of the biological response of tumor and
normal tissue to non-uniform distributions of radioactivity.

4. Howell's proposal raised significant issues in diagnostic and therapeutic
nuclear medicine. His proposed studies would be of significance to patients, since the risk
of radiation insult can be drastically underestimated and potentially lead to increased risk
of inducing cancer. In contrast, some patients can be over- or under- treated in
radionuclide therapy of cancer. Both scenarios can thus present adverse consequences in
the final outcome for the patient. It is, therefore, critical that patients not be misled
about the results of the research.

5. On two occasions preceding the submission of the revised grant application, I
observed Howell’s Research and Teaching Specialist, the Defendant, Bishayee, engaged
in preliminary experiments. My observations led me to believe that Bishayee was
falsifying the data underlying the experiments and the conclusions reached by Howell
from those experiments.

6. I informed Howell of my observations and suspicions relating to Bishayee.
Notwithstanding this fact, Howell dismissed my concerns and further refused to intercede
to my request to investigate Bishayee’s actions. Instead, Howell determined to use the
results of Bishayee’s experiments as part of the preliminary data supporting his revised
grant application to NIH.

7. Howell further presented in his grant application data purporting to show a
bystander effect using Tritiated Thymidine (Grant application page 26, Figure 2, circles).

These and similar data were presented in 2 publications (Bishayee, ef a/. Radiation
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Research 152: 88 (1999), Figures 3 circles and 6 inverted triangles; Bishayee, et al.
Radiation Research 155: 335 (2001) Figure 2A) (Exhibits 1 and 2).

8. In or about March 2001, Dr. Lenarczyk, a post-doctoral fellow employed in Dr.
Howell’s lab, observed and reported to me that he also suspected Bishayee of fabricating
data. Lenarczyk reported that he had observed Bishayee setting up an experiment with
contaminated cultures. In light of this fact, I and Lenarczyk documented the management
of the experiment by Bishayee.

9. As a result of these actions, both I and Lenarczyk concluded that Bishayee had,
in fact, fabricated the experiment’s data and engaged in scientific fraud. On or about
April 10, 2001, I reported the findings to Howell and to the Radiology Department Chair,
Dr.Stephen Baker.

10. The matter was thereafter referred to Defendant, University. of Medicine and
Dentistry of New Jersey Campus Comrnittee on Research Integrity. In July, 2001 the
Committee concluded that there was no cause to warrant further proceedings.

11. During the course of the Committee’s review of my complaint, Defendant
Howell was ordered to conduct a series of other experiments in order to replicate the data
which he had reported in the grant. These data could not be replicated in 6 trials
performed in April — September 2001 and were at extreme variance with a total of
22 experiments performed from October 2000 through September 2001 by Drs.

Howell and Lenarczyk.

THE BASIS FOR THE SUBPOENA
TO DR. THOMAS HEI
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12. Notwithstanding the inability of Howell to replicate the data as ordered by the
Committee, the Defendants have asserted that, because other researchers have been able
to replicate the bystander effect using tritiated thymidine, my claim should necessarily
fail. In this regard, it is my understanding that the Defendants are referring to a research
article entitled (R. Persaud, H. Zhou, S. Baker, T. Hei, and E. Hall),“Assessment of Low
Linear Energy Transfer Radiation-Induced Bystander Mutagenesis in a Three-
Dimensional Culture Model”, Cancer Res 2005; 65 (21) (November 1, 2005)(Exhibit 3).
The individuals who performed the experiments and wrote the paper are associated with
the Center for Radiological Research, Columbia University Medical Center, New York,
New York.

13. However, my review of that research paper suggests that the experiment
protocols that were used by Persaud, Zhou, Baker, Hei and Hall, appear to differ in
important ways from the experiment protocols utilized by Bishayee and Howell. Howell
could not, using experiment protocols that were used by Bishayee, replicate Bishayee’s
bystander effect using V79 cells which are a line of Chinese hamster cells similar to the
cells used by the Columbia group. Nor could he or Lenarczyk, using Bishayee’s
protocols, replicate the bystander effect using CHO cells, as the Columbia researchers
have reported. However certain of Howell’s and Lenarczyk’s results using uniformly
labeled cells are similar to those of the Columbia group in that the survivals are biphasic
(i.e. rather than being a simple exponential decline in survival, there is first a rapid
decline in survival followed by a change in slope and slower decline in survival).
Notwithstanding, Howell presented in his grant application data purporting to show that

cells uniformly labeled with tritiated thymidine exhibit an exponential decrease in
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survival when exposed to increasing doses of tritiated thymidine (grant application Fig. 2

triangles, 1999 paper Fig 3 triangles and Fig 7 inverted triangles; 2001 paper Fig 1 open
circles and squares). These data as presented in the grant application and in the two
Bishayee reports are also at variance with those reported by Persaud, et. al. Fig 3 circles.

14. It is, moreover, significant to note that the Columbia paper also cites to the
articles written and cited by Howell in his revised grant application (See, Exhibit 3, Page
9876, f.n. 3 and 5). These are the two (2) papers that are identified in Paragraph 7 above
(Exhibits 1 and 2).

15. In light of the above, my counsel undertook to subpoena Dr. Hei for a
deposition. The purpose of the deposition is to specifically identify and review the
protocols that were utilized in the experiments leading to the Columbia paper (Exhibit 3).
Doing so will establish the differences noted above and serve to refute any suggestion by
the Defendants that, because other researchers have been able to replicate the bystander

effect using tritiated thymidine, my claim should necessarily fail.

THE BASIS WHY F.R.CIV.P 45(C)(3)(B)(ii) DOES
NOT SERVE TO BAR THE DEPOSITION OF DR. HEI
16. Contrary to the assertion of Dr, Hei, his deposition is not being sought for
purposes of having him disclose an unretained expert’s opinion or information that does
not describe specific occurrences in dispute and/or resulting from a study that was not
requested by a party. While I acknowledge having contacted him for assistance in finding

individual(s) who might serve as expert witnesses in this case, I am not requesting him to



Case 2:03-cv-04837-DMC Document 23 Filed 08/04/08 Page 7 of 37 PagelD: 188

serve as my expert. I will have my own expert witness(es), and I do not want Dr. Hei to
serve as my expert in this case.

In light of the above, Dr. Hei should be clearly seen to have factual knowledge of
the protocols used in his experiments of the bystander effect using tritiated thymidine and
CHO cells and which were reported in Exhibit 3. His knowledge and identification of
those protocols directly relate to the specific occurrences in dispute in this case and which
were cited in his article (Exhibits 1 and 2). As noted, these latter articles (Exhibits 1 and
2) are the very articles that had been cited by Howell in support of the grant forming the
basis for this suit.

Based on his experiments, Hei should have an intimate knowledge of the
procedures and protocols that were followed by the Howell laboratory and may have
even tried these procedures and protocols in his or his post-doctoral assistant’s initial
experiments. His lab had access to the protocols followed by the Howell! lab as they are
clearly defined in the Howell papers and were published well before the Columbia
studies took place.

The Columbia lab paper does not, however, set forth the protocols and procedures
in the manner that the Howell lab did. Howell, however, cites them as confirming his
results.

But it appears that that the Columbia lab changed their experiment protocols in
some important ways, including but not limited to, (a) using different tubes with a larger
capacity than the Helena tubes used by Howell; (b) used a different incubation time for
the incubation in the cold (72 hours for Howell)(24 hours for Hei/Hall). There had to be a

factual basis for why the Columbia lab did not follow the Howell protocols.
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17. Questioning Dr. Hei concerning the protocols will then allow myself and/or
my expert(s) to compare those protocols to the protocols used by Bishayee and Howell.
Any opinions stemming from those comparisons will be based on our analyses that are
separately undertaken without Dr. Hei. Under the circumstances, I respectfully reiterate
that Dr. Hei is more properly seen as having knowledge of the facts relevant to this case
rather than being asked to give an opinion based on those facts.

18. I would also note that the studies reported by the Columbia lab were
supported by public monies (Grants: US DOE DE-FG-03R63441 and NIH CA 49062 and
ES 11804). Given this fact and the public interest I have cited earlier, I submit that the
public has the right to know what procedures were followed during the course of the
experiments even though the rationale for final presentation in their report is not
explicitly stated. Viewed in this fashion, it is neither appropriate nor correct for Hei to
claim that these requests amount to a taking of intellectual property, as the experiments
performed in the laboratory are more properly seen as the property of the United States
government. As such, this Court should hold that such alleged property be available to its
citizens. Hei’s deposition testimony will thus provide factual information that is
otherwise unavailable regarding the possibility of hypoxia in the tubes used by Howell
(Helena or similar tubes) as well as the time course of the development of hypoxia in the
tubes used by Hei/Hall. It will also provide factual information that is otherwise
unavailable regarding the kinetics of the cell kill of the uniformly (100%) labeled cells.

19. Given the above, I further submit that any opinions Dr. Hei may have about

those facts, have previously been formed and reported in the research paper (Exhibit 3).
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He is not being asked to form any new opinions. He is simply being asked about the facts
underlying previously formed opinions.

20. Dr. Het should also be seen as being a unique witness and one among the
group of authors for which there is little likelihood that a comparable witness can be
found to testify. The Columbia lab is the only other one (besides the Howell lab) that has
published results of experiments involving the bystander effect using tritiated thymidine.
Quashing Hei’s subpoena would result in undue hardship because there is no other person
outside of that lab in the world who would have the intimate knowledge to answer these
questions of fact regarding its experiments.

21. There is another yet another basis for the deposition of Dr. Hei. I had a
conversation with Dr. Hei in which he told me that he had reservations about Dr.
Howell’s studies. I wish to confirm that conversation and question him as to the facts on
which he relied to form such reservations.

22. Compliance with the subpoena will not cause oppression or hardship to Dr.
Hei. I have agreed not to require Dr. Hei to travel to New Jersey for the deposition. We
are more than willing to travel to Columbia University in New York to take the
deposition and minimize any inconvenience to Dr. Hei. Moreover, Dr. Hei does not
appear to claim financial problems with testifying. He simply alleges that he might have
to expend time to review the notebooks of his experiments. Inasmuch as the Court has the
discretion under the rules to order that he be compensated for such time, such claim of
hardship is diminimus.

23. For all of the foregoing reasons, I respectfully request that the motion to quash

the subpoena be denied. Should, however, the Court be inclined to grant the motion, I
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agaig note that ] have been made awase of the fact that, in lieu of quaching or
modificarion. the Court may consider orderiog compliance under specified conditions,
including reasonable compensation to Dr. Hei. [ zespectfully submit thar my certification
demonstrates the need for the testimony that cannot otherwise be obtained without undue
hardskip to my cauge, In the svent the Court deems it necessagy 1o order taat Dr. Hei be
reasonably compensated for his dme in deposition, T wish the Court to know ther, in the

alternative, [ am willing to do so.

CERTIFICATION

The foregoing statements made by me ase true 10 the best of my knowledge and
belief, I am aware that if any of the foregoing stazements made by me are willfully false, [
am Suhject to punishment,

g 7 W11

Dr. Helene Z. Hill

Dated: c.'}_;_.,suqt \, 200%
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Evidence for Pronounced Bystander Effects Caused by Nonuniform
Distributions of Radioactivity using a Novel Three- Dimensional
Tissue Culture Model

Anupam Bishayee, Dandamudi V. Rao and Roger W. Howell’

Division of Radiation Research, Department of Radiology. New Jersey Medical School, University of Medicine and Dentistr v of New Jersey.
Newark, New fersey 07103

Bishayee, A., Rao, D. V. and Howell, R. W. Evidence for
Pronounced Bystander Effects Caused by Nonuniform Distri-
butions of Radioactivity using a Novel Three-Dimensional Tis-
sue Culture Model. Radias. Res. 152, 88-97 (1999).

A new tn vitro multicellular cluster model has been devel-
oped to assess the impact of nonuniform distributions of ra-
dioactivity on the biological response of mammalian cells, and
the relative importance of bystander effects compared to con-
ventional radiation effects. Chinese hamster V79 cells are la-
beled with tritiated thymidine ([*H]dThd), mixed with unia-
beled V79 cells, and centrifuged gently to form multicelular
clusters about 1.6 mm in diameter. The short range of the *H
B particles effectively allows only sell-irradiation of labeled
cells and no cross-irradiation of unlabeled cells. The percent-
age of labeled cells is controlled precisely by varying the num-
ber of labeled cells mixed with unlabeled cells prior to assem-
bling the cluster. The clusters are assembled in the absence
or presence of 100 pAM lindane, a chemical that is known'to
nhibit formation of gap junctions. After the clusters are
maintained at 10.5°C for 72 h, the cells are dispersed and
plated for colony formation. In the case of 100% labeling, the
survival of cells in the cluster depends exponentially (SF =
€%} on the cluster activity A {in kBg), and lindane has no
effect on the response. A two-component exponentizal response
is obtained for 50% labeling in the absence of lindane (SF =
0.33 e ¥ 4 0,67 e ¥}, and lindane has a marked effect
on the response (SF = 0.33 e "% + (.67 e-~'*%), These data
suggest that bystander cffects play an important role in the
biological response of V79 cells when the *H is localized in the
cell nucleus and distributed nonuniformly ameng the cells. In
contrast, bystander effects cannot be detected above tradi-
tional radiation effects (i.e. direct + indirect) when the *H is
localized in the cell nucleus and distributed uniformly among
the cells. These results indicate that this multicellular cluster
model is well suited for studying the effects of nonuniform
distributions of radioactivity, including bystander and “hot-
particle” effects. Furthermore, these results suggest that by-

" Author W whom correspondence § be
addressed.

“EXHIBIT

/

88

stander effects may play an important role in the prediction
of the biological effects of radiopharmaceuticals used in med-

ical diagnosis and {reatment. © 199 by Radistion Research Society

INTRODUCTION

Over the past several years there have been several re-
ports that cells that have received no radiation exposure
suffer biological consequences when they -are in the pres-
ence of cells that have been irradiated (/-5). This phenom-
enon has been termed the bystander effect. Nagasawa and
Little (/) used acute external beams of « particles to irra-
diate monolayers of Chinese hamster ovary cells with low
doses. These exposures led to the formation of sister chro-
matid exchanges in 30-50% of the cells despite the fact
that statistically only about 1% of the cell nuclei could have
been traversed by an a particle. They concluded that ge-
netic damage can be imparted to “bystander” cells when
cell populations are exposed to low doses from « particles.
Similar observations were made by Deshpande e al. (2).
Azzam et al. (5) studied the mechanisms of the bystander
effect by showing that the expression levels of TP33,
CDKNIA, CDC2, CCNBI and RADSI are significantly
modulated when human diploid cell populations are irra-
diated with low doses of « particles where oaly 2 small
fraction of the nuclei are actually hil. They also found that
the extent of modulation was significantly reducc:] when
lindane, an inhibitor of gap-junction interceliular ¢ommu-
nication (6, 7), was present during the irradiation period.
These data suggest that gap-junction intercellular vo:mmu-
nication may play an important role in the bystandsr =ffect.

While the studies described above involve the w0 of «
particles, Mothersill and Seymour (4) have irradi cells
with -y rays to study the bystander effect. In this . the
gap-junction inhibitor phorbol myristate acid ¥ in-
creased killing by the bystander effect. Based on thise data,
they suggested that signal transduction mu..hmu:,nm, as op-

000209
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poscd 1o the refease ol o fuctor that is directly eytotoxic,
may control death or surveval due 1o the bystander effect.

The studies of Nagasawa and Little (/), Deshpande ef
al. (2) and Mothersill and Seymour (4) raise interesting
points regarding the biological effects of iontzing radiation,
in partcular the bystander effect. As noted by these authors
and others (1. 8, 9), the bystunder elfect is particularly rel-
cvant lo the “hot-particle™ problem as well as the holog-
ical ellects of incorporated radionuclides in general. How-
ever. there remain several aspects to be addressed such as:
(1) What is the signthicance of the bystander effect com-
puared to the overall effect 1o the cell when it experiences
damage from both bystander and wraditional radiation ef-
fects (i direct + indirect)? (2) Can bystander eftects he
observed in three-dimensional tssue models? (3) Do by-
stander eftects indeed result from nonuniform distributions
ol rudioactivity? (4) It so. what types ol tonizing radiation
produce significant bystander effects? The present work at-
lempts 10 address some of these questions using & novel
three-dimensional celi culture model and precisely con-
uolled nonuniform distributions of incorporated radionu-
clides to deliver radiatton exposures.

MATUERIALS AND METHODS

Radicehemicad aml Gucntefication wf Rudicuetivine

Trinated thymidine 1 A Thd ) was obtiined from NEN Lile Science
Products 1Boston, MAT as a sterile aqueous sofution 8t a concentralion
of 37 MBy/ml und o specilic actvity of 3008 GBg/mmal. The achvity
al ‘I wis meiswed with o Heekman 153800 automatic liguikd scantillis-
ton counter tEalleron. CA) by transterring aliguots of radioactive culiure
medivm inlo & mil of Aquasol™ Higuid seentlfation cockiuil (NEN Re-
search Producis. Boston, MAL The delection efticiency Tor the 5.7 eV
B partcles cositted by 1T wias, 0,65, The radionuclide *H hus o physical
edl-Dite of 123 yowrs swnd emits |3 particles with @ mean eocrpy of 5.67

keV 0/t correspanding o w mean range in water of ahout | pm (/7).

Coll Lane

Chinese hamrsier V79 Jung Theoblasts tkindly provided by AL L Kas-
sis. Harvird Medical Schual. Boston, MAY were used in the present stugly,
with clanugemic suevival serving as the biologicat end point. V79 cells
are knawn o exhibit sume degree of gap-juction intereellular commu-
mication al 37°C (12, 74). The cells were culwred in minimum essential
nicdiom (MEM) suppleanenicd widh TU% heag-inactivated (57°C, 30 aiin)
Fetl cadl sennm senth 2 M -glutamine, S8 W/l penicilin and 50 jup/
ml steepamycin (MEMAY The pH ool the culture inedivm wits adjusied
o 7.0 with NaHCG L AN media snd supplements used in this study were
Tram Lile Technedopios {Grand [stand, NY ). Cells were muntained in
I75-ci? Fabcon sterile tissee culwre asks (Becton Dickinson, Lincoln
Park. NIy ar 37°C und 5% CO,. 95% air, and were subcultured twice

wuekly or as regunred.

Kadvolubeling and Assembly of Malticeltulor Clusiers with S0% of
Cells Labeted

V79 cells growing ws monolayers in 175-cm? Faleon Nasks were
washod wih 1 ml ot phosphate-bulfered saline. trypsinized with 1).05%
rypsin—k53 maf EDTA . and sispended ar 2 < 140 cells/ml in calcium-
free MUEM with 10% heat-mactivined (57°C, 3 min) Fetal call scrum, 2
mA -glucunine, SO Uit peoicitlin and SO0 pg/ml streptamycin
IMEMIL Altquoets ol 8 b were placed i two ses of sterile 17 % 100+
nun Fadeon pulypropylene round-holisan culure tabes CHE tibes in cach

Radiolabeled
cells

211(106

Unlabeled
cells

2x10°

4 x 106 cells

Multicellular
Cluster

1. ax108cells

FIG. 1. Asserably of multce el cluster of V79 cells in which 0%
ol the cells are rdiolaheled with [ H]d Th.

sethamd pliced on arockerrotler (ishee Scicntitiv, Springlicld, NI Tor
Yod bear 3P0 e an atmosphere of 9545 i and 59 U0 Aler this
conditioniog period. |l of MEMIE containing viions wrliviy concen-
1ratins (412496 MBy) of [*HIdThd was afdedd wahe fiest ser of culiure
tubes containing |l ol Y79 cells. Oy 1t of MEMT was added 1
the other set of lwbes. Al tubes were thes returned e i rocker-roller
al 37°C. 958% air und 5% COL Alter o 1240 pesied of fubuding with
racdioactivity, the livst ser of whes were remaved sl contcuged at 24000
rpenat 45 for 10 min. Adiquots of the supermatant s ased W check
the concendrations of rrdioactivity added. The cells e
tmes with 10 mlof MEM with 10% bean-iactivied (577
serw. 2 mMo-glutamine, SO U pesiciltin and 50 apfis
{witsh MEMA). The cebls i the second set of tubes {6
simtlarty washed and the contents of o given tuhe 1ranst ..
the Tirst set ol mibes comtaning radiolabelad cells. Fiies

washed three
W ming call’
e pleinycin
fed) were
4t one of

the poaled
A DMSO
CMES- 10
v

celts e cach e were suspended m 400 pd ol MEMA
1Sigma Chemacal Col SU Louis, MO7 in MEMA or () 5%°
pAd lindane (hexachloroeyclohexane, y-isomer {ron: Mg 1
feered directly 1o sierile 400-pd polypropyleae m g tube
wih attached cap (Helena Plastics, San Ralacl, CA {he cun-
venteation of lindune fie. 100 M) was selected bas st study
o e b -

as described below, and DMSE) served as a vopts
plivhes were centriluged an 100 rp Tor 3 e : i
ticeluli clusier = 16w in disneter. The resuliing ok 5« 4 onined

atotal of 4 X100 cells, of whicle 30% were labeled ¢ e The capped

000229
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microcenirifuge wbes contaming the clusters were placed ina perforated
wiciucentriluge tube rack wnd vaasferred 1o aoeelvigeror at 1.50C, Tlas
temperaiere wis selecied beeaese V79 cells can remam i the cluster
condigurution s thiy wemperitvere Tor long pevsads qup ta 72 hy withow o
decrcine in plaing efficiency. This was afse ue for V79 cells in sas-
pension culture (14 Pheretore, dhe cefls accwmulie the preponderance
ol theyy radioactive decays while in the cluster conliguration s opposed
to the radiofubeling and colony-Tormung periods. Aller 72 h o 10.5°C,
the superpacant wis carclufly resmoved il the mibe wax vortesed o dis-
perse the gell Custer. The cells were veswspended o MEMAL tiinstereed
to 17 < Hlkma Faleon polypropylene tobes, washed three times wigh
HEml ol wash MEMA, resuspeaded in 2ol ol MEMA, passed shrough
a Hogaage needbe live times o disperse eefls, and serially difuted (lour
FO0 dilunionsy and Tt ol the apprapsiate dilutions tapproximately 200
cells Tor control tubes) wis sceded in tiplicate inla 60 % 13- Faleon
tissue culture dhishies, The dishes were then placed moun tcubator e 37°C
with US% airand 3% COL Aligquots were aken frons cach wibe belore
sertal dilution, wnd the mean rwivactivity per cell was deterianed (£5)
The tissue culire dishes wore removed From the incubisor aller | oweek,
wned the resalimg colomies were wishoed 3 tmes with sormal salioe amd
2 nmes with methanol and foilly stined wothy (O35 crysial violer, The
celoiies were counted uncer fluareseent Bight, A coluny count ol 252250
wan combsitbered ax w o valid G poind Tor cach lissoe culiore dish, Fhe
surviving fraction compaued 1o the parallet contral was deternmmed for

cach rachioactivity concenteation conployed.

Clreneoicny anad Optinient Conecetivation of Lindane

Muhicellular cluskers were prepared whoerein K4 ol the cells were
fabeled with o fixed activity concentration of {*H]dThd (148 MBy/ml) as
doscribed whowve, The clusters were maintnined at FOSC Tor 72 hoan the
presence ol 20-200 pM ol lindane. To achicve dhis, lindane was first
dissolved ia DMSO (5 g/m filiered through a Miblex " -HV Lilies (M-
hipore Corporation, Bedlord, MA )L amd subsequently diluted witlh MEMA
L hisal concentration 20- 2000 wad lindaee, 0.58% DMSO. Pacaliel con-
ol were estublished where clusters o anliheled cebls were nanzained
al e same concenirations e lindane with (L3R% DMSO. Thus, Tor cach
cemeetiration ol findane, two tubes were prepared —-one having a cluster
of radialabeled cells (304 wnd one having o cluster of wntiabeled culls.
Aee 72 1 the cluster was disnantled, e mican activity per cell was
derermined. and the cell survival was compared @t ol s matehed
cantrul using the procedore outlined ahove

Asvemdiv of Mudiiceelar Clusiers wale 100% Rediolubeled Cetls
Multicellular clusters e which 100% of 1he celbs were radiolibeled
were assembed using the cells preparcd as above. e shore | ool of
MM coutaining ditferent concentrations of madivactivity was sdded )
culture qubes corttaimng 1omd of conditioned cells (%0 107 eelts), Mall
ul the concentraions used Tor the S04 Labeling experiment were used (o
meinla approxindely the ssme clusier activity, Alwer an incubation pe-
riodb of 12 W 37°C i an wimosphere of Y5% ain and 5% COL, the
ractiedabeled cells (4% 10%) were washed ax above, suspended in 400
of MEMA, 0L58% DMSC in MEMA. or (L5879 DMSO-100 pM lindane
i MEMA . and translerred 1o w $00-pul microcentrifuge whe amd cenisi-
fuged as described above. The nucrocentntuge whes containing e el
Chusters were matdamed ar HLSPC Tor 72 W, alter wineh thw surviving

Iraction al’ ceils was detecnined as described abowve,

Respronise of Multicellular Clisters 1o Chronic and Acute Exposure 1o
External vy Rovs

Micraceorifuge wibes containing mudticellule closters preparcd wilhy
4 10" unlabeled cells as deseribed ahove were translereed o o relng-
ceator at HLSPCL The webes were placed at different distances from o 370-
MBy Cs source boused in g small stanbess sieel capsule. Two conl
twbes were sinlardy ovintained ot TOSC without sudiation caposure,
The cumubated absorbed dose (o the irradiaied colls was mcasured using
a Fhomson-Nichon tOwawa, Canala) onniatore MOSFET dosimeler sys-

i Aller 72 h ool chronic radistion, the eells were processed ax de-
seribed above (o determine the surviving fraction. Cumulated doses of
2w 127 Gy were delivered over 72 b oat dose rates Trom 3 to 18 <Gyf
. depending on the disiaace from the source. The response ol the mul-
trcellular cluster 1o acuie "VCs y rays was alse stodied by nutntating
wlentecalty prepared multicelular clusiers at 10.3°C for 72 1 aad then
radiating them acuiely at the same lemperature ina J. L. Shepherd Mark
lirradiator {San Fernundo, CA). The acute dose wate was - 1-1.7 Gy per
ainule and torad deses ranged from 1w 1255 Gy Adler the acaie irra-
diation, the cells were processed as above and the surviving Traction was
determined compared W that fer unirradiared conurol cells.

Covipe-diin tiontedd Tnseroelfidar Coanmiiication e 100 5%

The serape-toading and dyc transler teehnique of El-Fualy er of. (12}
wits used with slight modification. Approximalely 4 % 10 cells were
thawed Trom a siock of V7Y cells anaintaimed st = 70°C, washed with
MEMA, il inuscdimiely plared o M Corning tssue cuttore dish
(Carming, NY) with 2 b of Tresh MEMA. The thsh win placed in an
mcuhator at 3770, Y8% wie aned 5% CO For 1 h amd was e translerred
o seaefriperates at 10.57C After 72 1 the confluent eell population wis
rinsed three times with Ca s =My -free PBS. Two milliliters ol PBS con-
tainwg O.05% Lucifer yeHow (Molecular Probes, Inc., Eugeac. OR) was
adided o the dish a room wwmperatore and the monolayer was seriped
atong theee paralled tines using o sterile scalpel hlade. The dish was placed
in the dark for 3 min o complete dye tansler. As Lucifer yellow is a
Dydhroplelic unrescent dye with a fow meleculir weight tmol, wi. 437.7).
i fraverse gap junctions and therelore ix an eflicient means by which
1o meniter gip-funcional imercelutar communication. The dye solutione
was decanted, the dish was rinsed three tmes with fresh PBS. and 2 mil
ol PBS was awdded o the dish. The plde was observed with an Olympus
BX00 epifluorescence phase-contrast mmcroscope luminaicd with an Os-
rwm HBO 200 W lap,

RESULTS
Response of Multicellular Clusters to External y Rays

ladir clusters of V79 cells exposed to chronic (3-18 cGy/f
hy and acute (1-1.7 Gy/min) **Cs v irradiation. A least-
squares fil of these data to the fincar-quadratic model [SF
= expl{—-wl) — BD?) yielded afchronic) = 0.0440 =
0.0i83 Gy ', Blchronic) = 0.00391 * 0.00231 Gy ?
afacute) = 0.1 *£ 0.025 Gy ', and B(acute} = 0.00566

+ 0.0042 Gy *

Frpure 2 shows the dose-response curves for multicel-

Rexponse of Multicellular Clusters to [+H )dThd

Figure 3 shows the surviving fraction of cells in the
muiticellular cluster as a function of the 'H activity in the
cluster when either 50% or 100% of the cells are radiola-
beled. The response curve for [00% labeling ts exponential,
whereas the curve for 50% lubeling is two-component ex-
ponential. A least-squares fit of these data to a two-com-
punent exponential function yields

SF = “ _ b) Cc oYY o+ op e -u»\_.' (I)
where SE s the surviving Iraction, A is the cluster activity,
and ho A and A, are the ditled parameters. For 50% label-

ing, the ftted parameters b, A, and A, are 0.67 *= 0,12,
0.81 % 0.56 kBq, and 11.8 * 3.1 kBq, respectively. in the
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FIG. 2. Survival of V7Y cells afler acute (4 and chionic 1 O ) irra-
diation of multiceltalar clusters with *"Cs y rays. lradiations were car
ricd out al [0.5°C The acete dose rite was -
chronic irradiaton. the wbes containing clusters were placed at diflerent
distances Tram a A70-MT3g "Cx sorce housed inasmall stainbess steel
vapsule. Aler the acute and chrome irvadiation. the clusiers were dis-
mantled, cells were processed, and the surviving laction was dercrmined
compared 1o cells rom unirmadiaed control clusters, Representative stan -
dord devimions are indicated by the error bars. Solid curves represen
beast-squares His w the lincar-quadratic mudel.

case ol 100% labeling, with & = 0, the fitted value of A,
s 2.44 = 0.11 kBq. :

Chemotaxicity of Lindane

Figure 4 shows the fraction of surviving cells i mualti-
cellular clusters of V79 cells after a 72-h exposure o dil-
ferent concentrations of lindanc in the culture medivm. The
surviving fraction compared (o that for untrealed controls
remains close to unity up to about 100 e lindane, where-
upon a significanl decrease is observed. These data suggest
that concenlrations in excess of 100 pM are not desirable
for experiments involving inhibition of gap-junction inter-
cellular communication due to associated cytoloxicity.

Optimum Concentration of Lindane 1o {nhibit Bystander

Effect

Determination of the oplimum concentration ol findane
to minimize bystander effects is an essential element of the
present study. Figure 5 shows Lhe surviving fraction of V79
cells in multicellular clusters as a function of lindane con-
centration in the cell culture medium. In these experiments,
50% of the cells in the cluster are cadiolabeled with ap-
proximately 4.8 mBg/cell of ['H|dThd for a totul cluster

117 Gy per mvinme. lor

c i
2
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s | 0
T [  J
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= ]
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Cluster Activity (kBq)

FIG. Y. Survival of V79 celts as a function of cluster activity ol
FPHHATRA. Dagaare shown Tor experiments where S0% (@, €)) or 100%
(LAY ol the cells were vadiolabelad in mudticetlular clusters which were
maintained at 10.5°C for 72 hoaad then she surviving fraction was derer-
nimcd compared ws unlabeled cells, Data Trom gwa indkependent experi-
ments are ploticd Tor cach labeling condition and are differeatiaed hy
open and closed symbals. Representative standard deviations are indi-

cated by the crrar bars.

1on
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FIG. 4. Chemoloxicity of lindane when V79 muliicellulae clusters
were exposed o the chemical at HLS°C Tor 72 h. Representative siandird

0.1 '
0 50

deviations for individual datit poants wre shown, Dt rom thiee inde-
pencent expernnents are ingdicatct by dilTesent symbols 65,81 A
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FI1G. 5. EtTeet of hndane concemration on survival of Y79 cells from
multicellular clusters tn which 50% ol the cells are labeled with | 'Hd Thd.
The surviving {raction increased steachly with increasing lindane concen-
trition wp o W wdd, after which no additionad proective effect was

erved. Data from three independent experiments are indicaied by threce

Cnbols (@, W &) Representadive standurd deviations are ilicated by

the crror hars.

activity of about 19 kBq. Multicellular clusters treated with
neither [*H]dThd nor lindane served as controls. The con-
centration of lindane in the culture medivm has a marked
impacl on the surviving fraction of celis in the cluster, el-
evating the fraction [rom about 10% at } uM lindane to
about 50% at 100 A lindane lor multicellular clusters with
50% labeled cells. No further significant increase in sur-
viving fraction was observed al lindane concentrations in
excess of 100 wM. These data indicate that 100 puM is the
oplimum concentration of lindane for carrying oul detailed
studies of bystander effects in V79 cefl multicellular clus-

lers.

Response of Multicellidar Clusters (o [HIAThd in the
Absence and Presence of Lindune

Figure 6 shows the surviving fraction of celis in the mul-
ticellular cluster as a function of the 'H activity in the cluster
when only 50% of the cells are radiolabeled. In the absence
of tindane, when the cluster activity increases, the surviving
fraction decreases sharply to aboul 50% and then continues
to decrease albeit with a more shallow slope. Essentially the

ne curve is obtained when these clusters are maintained
wi the presence of 0.58% DMSO. In contrast, clusters that
were maintained in the presence of 0.58% DMSO + 100
pM lindane show a similar sharp decrease in the slope of
the response curve to about 50% survival and only limited

ion
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FIG. 6. Survival of V79 cells as a function of cluster activity of
{'HAERd when 50% of the cells were labeled. Mutticettular clusiers wede
miandained at 10L5°C for 72 hin the presence of o) PHAThd (F. 7;
data reproduced from Big, 3 (23 *HIAThd + 0.58% DMSO (L ED: or
(Y ['H[dThd + 0.58% DMSO + 100 pM lindane (¢, 91 Data from
twar independent experiieetts gre plotied Tor cach treatment condition and
wre diflferemiated as open and closed symbols. Representative standard
deviations wre indicated by the crror hars. The' short-dashed, long-shar
dashed, and solid curves represent feast-squares fits of the data 1o Eq. {1}
tor cases [, 2 and 3, respectively.

0.001

cell killing at higher cluster activities. A least-squares fit of
these data o Eq. (1) in the case of 100 M lindane gives
values of 0.67 * 003, 1.6 * 0.3 and 41.6 * 5.8 kBq lor
h. A, and A,, respectively. The fitted paramelers for the three
irradiation conditions are summarized in Table |.

The surviving fraction of cells in muilticellular clusters
assembled with 100% of the cells radiolabeled with
(*H1dThd is shown in Fip. 7 as a function of the cluster
aclivity for the three experimental conditions: (1) | 'H]dThd.
(2) [*H]}dThd + 0.58% DMSO, and (3} [*H]dThd + 0.58%
DMSO A+ 100 pM lindane. The fraction of cells surviving
compared o untreated controls was calculated in each case.
The survival curves in all three cases are single-component
eaponential, which is commensurate with our earlier studies
that examined the radiotoxicity of [*H)dThd in V79 cells
maintained in suspension culture (/4). Least-squares fits of
these data to Eq. (1) with b = 0 give A, values of 2.7 *
0.1,27 %02, and 2.8 + 0.1 kBq for cases 1, 2 and 3,
respectively. The fitted parameters for the three irradiation
condilions are summarized in Table |.

Evidence of Gap-Junctional Intercellular Communication

ar 10.5°C

To verify the capacity of V79 cells to form intercellular
communication through gap junctions during maintenance
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TABLE 1
Fitled Parameters for Survival Curves for Multicellular Clusters

Percentage cells

Treatmerm labuled h A, (kByq) AL thB
IH I e 1416 i 27 201
[T + (LARS DMSO® Hx» 0 R e
frIIThed QSRS DMSO A4 1 g Findane” 1) 0 IR =01 -
frlEel T S0 07 2l 081+ 056 IS
{HEFhd = (3RS DMSCY 56) 075 004 70 =17 qA N7
[HThd + Q.58% DMSCO -+ L0 M lindane ) 67 = 04 IO x03 di oAy

< Standard errors are indicined.
P Least-sguares fiv o dida e Fig. 7.
s Least-squares f e alata in Fig, 6,

at 1.5°C for 72 h, the wansler of Lucifer yellow dye be-
tween neighboring cells was studied in cells in mmonolayers.
Ax shown in Fig. 8, Luciler yellow was transferred into
contiguous cells after the parallel lines were scraped in the
monolayer with a scaipel. The highest intensity of Lucifer
yellow was noticed in cells at the periphery of the scraped
areas, and a gradient of decreasing inlensily 1s evidenl as
the dye spreads further into contiguous cells through gap
Junctions.

DISCUSSION

Radiopharmaccuticals are used widely in clinical medi-
cine Lo dragnose and treal a variety ol medical conditions.
It is wel known that when radiopharmaceuticals are ad-
ministered 1o the patient, the radioactivity localizes in dil-
ferent tissues i the body and ‘its distribution at the mac-
roscopic and microscopic levels is nonuniform, The degice
ol nonuntlormity can vary widely depending on a varicty
of factors. The biological consequences of nonuniform dis-
tributions of radioactivily in a given tissue can also vary
substantially. Despite thesé well-known facts, current inter-
nationally accepted methods For assessing risks from di-
agnostc nuclewr medicine procedures assume thal the ra-
dioactivity is distribuled umiformly i organs and (issues
and that the biological response depends principally on ab-
sorbed dose, radiation type and tissue radiosensitivily (/6.
Bystander cffects and ather potential consequences ol non-
uniform distributions of radivactivily are ignored in these
risk estumates. The same assumption is [requenty inade in
assessing risks from environmental {e.g “=Rn) and acci-
dental {e.g. """Cs, "1} expuosures to radioactvity. Adeisicin
ef al. (f7) and Makrigiorgos er ol (18} have rascd Hnpor-
tant concerns regarding the assumption ol voiform distri-
hution of radioactivity and their impact on risk csiimaltes.
However. one of the major stumbling blocks (o predicting
the biological response of tissues with nonunilonn distri-
butons ol radioactivity has been the absence of experi-
mental modets that allow tight control over the distribution
of the radioactivity.

Multicellutar Model

The data in 1he present work have been obtained with a
new three-dimensional tissue culture mode! that b heen
designed specifically to quantify the impact ¢ =0 aform
distributions of radioactivity in tissues on the bict-icad of-
fect of the incorporated radionuclides. It is densomsirated
that multicellular clusters can be assembled by miting sus-
pensions of radiolabeled and nonradiolaboicd cells to
achteve a controlled degree of nonunilormity of mdioactiv-
ity i an in vitre multicellular cluster modet (Fig. 1), This

T
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shallow slope compared to the st component as charac-
terized by the parameters A, = 0.8 kBq and A, = {1.¥
kBq. [n other words, for a given amount of *H radioactivity
in the cluster, the two labeling conditions (50%., 100%)
yield very different surviving fractions. Therefore, the dis-
tribution of radioactivity in the cluster plays an importan
role wn the biological response of the cells in the cluster
This 15 an important aspect of this new model that can be

exploited to obtuin quanutatve data on the response ol

multicellular systems to nonunilorm distributions of radio-
activity.

Another significant feature of this new model 1s that Lyp-
ical cell survival experiments in witro using radioprotectons
or gap-junction inhibitors invelve acute radiation exposures
in the presence of chamotoxic concentrations ol these
agenls. The cells are usually washed free of the agent im-
mediately after the wrradiation and plated lor colony [or-
mation. When cells are wradhated by incorporated radio-
nuclides, the radiation dose is delivered chronically. To ex-
amine the capacity of radioprotectors or gap-junction in-
hibitors to modify effecls caused by chronic tradiation hy
incorporated radionuchdes, the cheinical agent should be
present throughout the irradiation period (27} However,
chronic exposure of cultured cells to these chemical agents
al 37°C leads to cxtreme chemoloxicily, partcularly when
fevels sufticient to alford prowection are used (2/). The re-
sults in Figs. 4 and 5 show that this problem cun be over-
come by maintatning the cells aw 10.5°C. Under these con-
ditions, the V79 cells did not divide and only mmimal
chemotoxicity was observed for both conuol and treated
cells when the lindune concentration was maintained al or
below 100 puM.

Clinese hamster V7Y cells maintaned at 37°C have been
shown 1o exhibit intereellular communication through pap
Junctions. This has been demonstrated by {recze-fracture
coupled with quantitative morphology (/3) as well as the
scrape-loading and dye dransler techmique {(/2). However,
o the best of our knowledge, the capacily of V79 cells 1o
fonm gap junctions at 10.5°C has nol been demonstrivied.
I the present study, this aspect has been explored by main-
taining confluent monolayers of V79 cells al 10.5°C for 72
h and then studying. the transfer of the fluorescent dye Lu-
cifer yellow o detect gap-junctional intercellular commu-
nication. Figure 8 shows that V79 cells indeed retain their
abulity to form membrane channels through gap junctions
even at 10.5°C, a process that can be seen clficiently
through positive dye transfer into contiguous cells.

[n view of the versatility and reproductbility of this new
mutticellular cluster model, it is possible that it may murid
consideration for assessing bystander ellects as sct forth by
Mill er al. (8) mn their recent Letter (o the Editor. Mill s
al. (&) have argued that (o clearly establish the existence
of a bystander elfect in the case ol hot particles (and non-
uniform activity distributions in general), “an inlernadion-
ally validated /i1 vitro assay together with an internationally
valtdated dosimetry protocol™ is needed. The present ox-

perimental in vitre model, coupled with our theoretical mul-
tcelfular dosimetry model {(22), may be considered as a
candidale [or this purpose. It should be noted. however, that
the current experimental protocol uses & maintenance tem-
perature of 10.5°C. which may have an impact on metabolic
processes such as DNA repair and cell proliferation. Ward
et al., (23) have shown that uradiated V79 cells are capable
of repairing DNA single-strand breaks at temperatures as
low as 10°C, albeil al a reduced rate. Double-strand breaks
were not repaired at this temperature. However, despite the
dependence of repair on temperature, a 3-h incubation of
the ieradiated cells at this temperature had no impact on
cell survival. Nevertheless, the matnienance icmperature in
the present model can be increased e 37°C: this will reduce
the capacity to introduce adequale concentrations of chem-
ical modifiers such as DMSO and lindane without leading
to undesired chemotoxicity.

The Bvstander Effect

The B particles emitied by 'H have a spectnun of en-
ergies lrom 0-18.6 keV (10) with corresponding ranges in
waler from 0-7 pm {24). The mean ¢nergy is only 5.7 keV,
which correspands to a range of only [ pum in water (24).
The mean diamncter of a VIO cell is 10 pm and s nucleus
has a mean dtameter of 8 pwin (243 Smce the *H s incor-
porated into the DNA of the nuclei of lubeled cells, the
nucket in these cells will be efiicientty seli-irradiated by the
low-energy B particles emitted by the radionuclide. How-
ever, P particles emitted by 'H decays in the cell nucleus
must travel 2 pm (range of 10 keV electon. rell 24} just
to get from the perimeter of the nucleus ol a labeled cell
10 the perimeter of o nucleus of an unlabeled cell. The
distance 1o the nucieus of the unlabeled cell is considered
important because the nuclews presumably contains the pri-
mary radiosensttive largels. Since the electrans are emilied
by decays wccurring randomly throughoul the nucleus,
nearly all of the § particles will have W tavel substantially
more than 2 pm just to reach the necleus of an unlabeled
celi. Given that very Tew ol the [3 particles cmitted are in
cxcess ol the minimam requirement of 10 keV. the cross-
dose received by cells in the cluster is negligible. Ths pre-
mise is supported by the multicellular dosnneuy calcula-
tions of Goddu er al. (22) that show that cross-dose Tor
electrans i this energy range is negligible when the radio-
activity 18 localized in the cell nucleus. Therefore, in the
absence of bystunder effects, one anticipates éssentially no
killing of unlabeled cells, which should ransiie o a 50%
surviving fracion in the case of S0% labeling at high clus-
ter activities. The steep first component (44, = (181 kBqg)
ol the two-component dose—response curve in Fig. 3 shows
that abowt 50% ol the cells are indeed killed. However, the
sccond component {A, = L8 kBq) indicaies that ihe un-
lubeled cells continue to be killed as the nctivity o the
labeled cells is increased even though 1he uniabeted cells
wre nol signilicantly treadiated. This suggests that a bystand-
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er effect 1s responsible for the killing ol unlabeled cells and,
unlike the results of Mothersill and Seymour (4}, the cflect
does not saturate with increasing dose (1.e. activity in the
labeled cells).

To clucidate the potentiol mechanisms responsible Tor
the bystander effect observed in Fig. 3. the gap-junction
inhibitor lindane was added (o the culture medium pror 1o
formation of the multicellutar clusters o which 50% of the
cells were labeled. Figure 6 shows that 100 uM hindane has
a marked impact on the survival of V79 cells with the value
ol A, in Eq. (1) changing from 11.8 kBq to 41.6 kBq. The
solvent 0.58% DMSO had no impact on the response of
the V79 cells. If the bystander effect blocking factor (BBF)
is defined as the radio

A, (with lindane)

. , . (2)
A, (withoul Lindane)

BBF =

hen the bystander effect blocking lactor for 50% labeling
of cells in the muiticeHular cluster with [*H]dThd and main-
enance i culture medium with 0.58% DMSO + 100 M
lindane is 3.5 = 1.0. Since lindane is known (o be a gap-
Junction inhibitor (6, 7), and it has becn demonsurated in
the present study that V79 cells form gap junctions at
HO.5°C, i is likely that the bystander efiects observed when
50% of the cells v the cluster are labeled with [PH[dThd
are due primarily to intercellular communication processes
that depend on the formation of gap junctions which con-
nect adjacent cells (25).

While hndane 15 known (0 be an inhibitor of gap-junc-
uon intercellular communication, it is also known to aflect
other processes that may pertain to its appacent ability 1o
decrease bystander effects. For example, lindune may in-
crease levels of superoxide dismutase and the extent of lipid
peroxidation (26, 27y and cause allerations in intracellular
yee calcium and mitochondrial transmembrane potential
(28). It may also increase the activity of NADPH-cyto-
chrame P450 and the ratio of superoxide anion production/
superoxide dismutase activity (291 and the formation ol re-
active oxygen specics that result from the metabolism of
lindane (302). Therefore, it is possihle that mitigation of hy-
stander effeets by lindane may be due nol enly (o inhtbition
ol gap-junctiondl intercellular commumication but aise to
these other processes.

Bystander Effects Relutive to Conventional Radiation
E_[ﬁ:’tr_\'

To assess the relative importance of bystander effects
compared 0 conventional radiaton cflects (i.e. direct +

indirect), the clusters were assembled such that [00% of

the cells were again labeied with [*H]dThd. Figure 7 shows
the response of multicellular clusters treated with [*H|dThd,
[‘H[dThd + 0.58% DMSO. or ['H|dThd + 0.58% DMS(0)
+ 100 pA hindane. The response of the V79 cells to the
three treatment regimens is essenttally the same within ex-
permmental uncertainties. Bach of the cefts i the cluster s

surrounded hy approximately 13 neighbors (22). Hence the
bivlogical etfect imparted (o & given target cell in the clus-
ter is due not only (o the *H decays that occur in the target
celt but also to the sum of the bystander effects imparted
by the neighboring cells. Theretore, since lindane had no
wnpacl on cell survival. the contibution of the bystander
clfect appeass (o be negligible Tor this biological end point
in the case of 100% lubchng, at teast over the range of
aclivities considered.

[t thus stands to reasen that the impact of the bystander
effect on cell survival depends on the pereentage of cells
in the cluster that are labeled, with the effect bemg most
pronounced al low tabeling percentages and when cross-
irrachation between cells is absent or minimal. Accordingly,
it ts anticipated that a somewhat smaller bystander effect
may be observed when cells are labeled with radionuclides
that emit particles with ranges ol several cell diameters or
more (c.g. ') because cross-iradiadion plays a more im-
portand rele in these cases {22).

Finally, it should be noted that the arguments made
ahove are based on cell survival data alone. While it is not

~expected that data based on other biological end points will

point toward very different conclusions than those reached
above, the importance of examiming other end points is rec-

opmzed.
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stander Effect due to Noauniform Distribution of Incorparated
Radioactivity In 2 Three-Dimensional Tissue Culture Model.
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To investigate the biologicat effects of nenuniform distribution
of radicactlvity in mammalian cells, we have developed a novel
three-dlmensional tissue culture model. Chinese hamster vy
cells were labeted with tritiated thymidine and mixed with un-
labeled cells; and mubticellular clusters {~1.6 mm in diameter)
were formed by gentle centrifugation. The shurt-range § parti-
cles ernitted by 'H impart only self-ircadistion of labeled cells
without significant cross-irradiztion of unjabeled bystander cells.
The clusters were assernbled in the absence or presence of 10%
dimethyl sulfoxide (DMSQ) and/or 100 M lipdane, DMSO is a
hydroxyl radical scavenger, whereas lindane is an inhbiter of
gap junctional intercellular communication. The clusters were
maintained at 10.5°C for 72 b to allow 'H decays to accumulate
and then dismantled, and the cells wete plated for colony for-
matior. When 100% of the cells were labeled, the surviving frac.
tion was exponentially dependeat on the mean level of radionc-
tivity per isbeled cell. A two-component exponential response
was observed when eithec 50 or 10% af the cells were [abeled.
Though both DMSO &nd lindane slgnificantly protected the un-
labeled or bystander cells when 50 or 10% of the cells were
labeled, the cffect of lindane was greater than that of DMSO. [n
both cases, the combined treatrnent (DMSO + lindane) elicited
madmum protection of the bystander cells. These resuits suggest
that the bystander effects caused by nonuniform distributions of
radioactivity are affected by the fractlon of cells that are labeled.
Furthermore, at least a part of these bystander effects are inl-
tiated by free radicals and are likely to be mediated by gap
junctional intercellular cOmMmMURICRLON.  © 2001 by Radatiom Rescarch Sockety
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INTRODUCTION

There is substantial interest in the role of bystander ef-
fects in the biological response of mammalian cells to ion-
izing radiation. It has long been believed that the principal
genetic effects of ionizing radiation in mammalian cells are
the direct result of DNA damage in irradiated cells that has
not been repaired adequately. Therefore, when cells are ex-
posed to extemnal beams of radiation, only those cells that
receive “hits” from the emitted radiations would be dam-
aged. No effects would be observed in cells that are not
“pit." These cells are referted to as bystandecs. Studies
from a number of laboratories suggest that these bystander
cells do indeed incur damage as a consequence of being in
the neighborhood of irtadiated cells (/). Nagasawa and Lit-
tle (2) first showed that Chinese hamster ovary (CHO) cells
exposed to vecy low fluences of « particles exhibited &
much higher incidence of cells with sister chromatid ex-
changes (SCEs) than expected based on the number of cells
that were traversed by o particles. Thesc authors found sim-
ilar results when induction of HPRT mutations was used as
the end point, thereby coafirming that genetic damage does
oceur in bystander cells that are not irradiated (3). Desh-
pande ef al. (4) reported increases of more than eightfold
in the percentage of primary human fibroblast cells express-
ing an increased level of SCE over the actual number of
auclei traversed by an o particle. Hickman e/ al. {5) doc-
umented that o particles induced accumulation of the Tp33
tumor suppressor protein’ in ral lung epithelial cells in a
higher percentage of cells than expected based on the aum-
ber that would have received a direct nuclear traversal. Az-
zam ef al. (6) made similar observations with altered cx-
pression of TP33, CDKNIA (also known as p21*"), CD2
(also known as p34=), cyclin Bl and RADS! in human
diploid fibroblast cells. Prise ef al. (7) reported 2 higher
frequency of apoptotic and micronucteated human fibro-
blast cells in cultures irradiated with a charged *He®~ par-
ticle microbeam. Mothersill and Seymour {8) demoastrated
that additien of medium from epithelial cells irradiated with
~ rays led to increased cell death and apoptosis of unimma-

diated cells.
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Although consistent support for the cxistence of bystand-
er effects is available in the literature, studies that probe
the mechanisms that lead to damage in bystander cells arc
limited. Bystander effects have been attributed to the pro-
duction of extracellular factors that lead to the generadon
of reactive oxygen species (ROS) (9-11). More recenty,
iyer and Letnert (/2) have poswlated that transforming
growth factor 1 is the mediator of a-particle-induced by-
stander responses. Gap junctional intercellular communi-
cation (GJIC) has also been implicated as one of the mech-
anisms (6, 13). It has also been suggested that other mech-
anisms such as extranuclear-originating signal pathways,
secreted diffusible factors, and apoptosis-inducing factors
may be involved in the responses of bystander cells ({4,
15). These findings suggest that different mechanisms may
be operational for bystander effects depending on the cell
type, the type of radiation, and other experimental condi-
tioas, including the end points studied.

The issue of bystander effects is relevant to the biological
effects of nonuniform distribution of radioactivity, how-
ever, there is a paucity of data. This is of major importance
to nisk estimation in diagnostic nuclear medicine and radi-
ation protection (e.g. inhalation of radon/radon progeny) as
well as clinical outcome in therapeutic nuclear medicine.
One of the major abstacles to predicting the biological re-
sponse of-tissues with nonuniform distribution of radioac-
tivity is the absence of suitable experimental models that
allow precise contyol of the degree of nonuniformity. To
overcame this problem, we have recently developed a novel
three-dimensionat tissue cuiture model (/3). Using this
model, we have shown evidence of pronounced bystander
effects in the form of decreased cell survival when *H is
localized in the DNA of Chinese hamster lung fibroblast
(V79) cells and is distributed nonuniformly in multicellular
clusters (/3). In the present comununication, the same mul-
ticellular cluster model is used to investigate the impact of
different magnirudes of nonuniform distribution of radio-
activity on bystander effects. The underlying mechanisms
of bystander effects that anise from nonuniform distribution
of radioactivity are also studied.

MATERIALS AND METHODS

Radiochemical and its Quantification

Tritieted thymidine ({*HjdThd) was obuined from NEN Life Science
Products {Baston. MA} w 3 sterile aqueous solution at a Loncentration
of 37 MBg/ml with a specific activity of 3000 GBg/mmol. The activity
of *H was measurcd with 2 Beckman LS3800 automatic Liquid scinulia-
tion counter (Fullerton. CA). The detection efficicney for the B partcles

emitied by ‘H was (165,

Celt Ceedrure

V79 cells, kindly provided hy Dr. A. T Kassis (Harvard Medical
School, Boston, MA), were used in the present study, with cloangenig
survival serving us the biological end paint. ¥79 cells are known w
exhibit some degree of GHC (£6-/8). The ditferent minimum esscatial
media (MEMA, MEMB and wuh MEMA) and colring conditions huve

been described in deiail previously (/7). The plating efficiency was about
64%.

Ascembly of Multicellular Clusters

The protocols were us described curlier (13). Bricfly, V79 cells were
conditioned in | m{ MEMB in 17 X 100-mm Falcon polyprepylene cul-
ture tubes placed on a rocker-roller for 3-4 h in un incubaror & 37°C,
5% CO,, 95% air (2or 4 X 10 cells/ml). Thercufter, | mi MEM coon-
taining various activities of {'"HJUThd was added and the tubes were re-
turned to the rocker-roller. After 12 h, the cells were washed three limes
with wash MEMA, resuspended in 2 ml of MEMA, and passed several
times through a 21 gauge ncedle. Additional ubes containing cells nat
labeled with *H were procesyed identically. The radiolabeled cells were
then mixed with unlabeled cells to get 10G, 50 or §0% radiolubeled cells,
pelleted and transfemed dircetly to a sicrile 400-p! polypropylene micro-
centrifuge tube (Helena Plustics, San Rafacl. CA). The tubes were cen-
teifuged at 1000 mm tor 5 min at 4°C w form clusiers with diameter
~1.6 mm {4 X {0 cells).

Treatment with DMSO and/or Lindane

To study the mechanisms underlying bystander effects, the multice!-
[ular clusters were assembled in the presence of the free radical scavenger
DMSO and/or un inhibiter of GJIC, lindane (Sigma Chemical Co., St
Louis. MO}, To schieve radioprotection, a DMSO concentration of 10%
(1.28 M) was required as per our previous studies (19). Lindune was
dissolved in DMSG {§ mg/mi} und subsequently diluted with MEMA ta
u final concentrution of 100 M lindane-0.38% DMSO. These coocen-
trations of [indane and DMSQO were not cytotoaic (£.9).

Cell Survival

The microcemirifuge tubes containing the clustery were mainined at
10.5°C for 72 h tv allow decay of *H in the absence of cell division,
Under these conditions, ¥79 cells can withetand prolonged exposure fo
(0% DMSO and 100 pM lindane without significant loss of plating ef-
ficiency (17, /9). The supernatlunt was then carefully removed und the
twbes were vorexed to disperse the cell clusters. The cells were washed
three times with 10 ml of wush MEMA. resuspended in 2 mt of wash
MEMA, passed several limey thequgh a 21-guuge needle (resulling in a
single ccll suspension with u doubler frequency of only 2.4%). senally
diluted. sceded in eiplicate into 60 % 15-mm Falcon tsue culture dishes,
and incubated at 37°C with 95% air and 5% CO,. Aliquots were taken
from cuch tube before seripl dilution as above, and the mean radioactivity
per cell was determined. After 7 days, the surviving fruction comparcd
to conlco! cells was delennined.

Kinetles of Radivactivie in Celly

To ascertuin the absorbed dose recetved by the cells, the kinetics ol
uptake and clearance of the radioactivity from the cells was followed.
Mutticcllular clusters were prepared with 100% of the cells labeled as
described above. At various times after the clusters were placed at 10.5°C,
a cluster was dismaniled and the level of radigactivity per cell was de-
termincd. Additionally, cells from clusters that had been maintained at
10.5°C for 72 h werc washed with wash MEMA, and | x 10?3 x 10
2.5 X 0¥ and 2.5 X |( cetis werc finnlly plawed in duplicate into 75~
v culture Hasks. On each of the following 4 days, duplicats frasks with
the same number of cells platcd (in descending ordec) were removed from
the incubutur and the actvity per cell was determined,

Munitoring of Radivaciiviey in Labeled and Unlabeled Cells

Studies were carried oul o trace radioactivity io the labeled and un-
labeled cells. The radlolabeled cells were dyed with 0.05 M carhoxy-
Auvarescein diacetae succinimidyl esicr (CFDA SE) in phosphare-bulf-
ered suline (PBS) at 37°C for 15 tmin using a Vybrant™ cell racer kit
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(Molecular Probes, Eugene, OR). CFDA SE passively diffuses into cells.
where its acetate groups are cleuved by intercellulur esterases 10 yield the
highty fluorescent carboxyfluorescein succinimidy! ester that reacts with
intracellular amines forming well-retained tluorescent conjugates. The ra-
diolabeled and dyed cells (2 X HF) were mixed with an equai oumber
of unlabeled, undyed cells. The pooled cells were used to {orm clusters
containing a toral of 4 % 10* cells (50% of the cells were radiolabeled
and dyed) and the clusters were mainwined at 10.5°C. Alter 72 h, the
cells from twa clusices were pooled, washed with PO S, resuspended in
uM EDTA'in PBS 10 2 concentration of 1§7 celly/ml, and passed through
a 21-gauge needic five times to pruduce a single ccll suspension. The
cells were subjecicd o fluorescence-uctivated cell sorting (FACS) using
a FACSCalibur flow ¢ytometer {Becton Dickinson. Sun Francisco, CA).
An aircooled 488-qin argon-ion luser was used to excite the dye. The
excitation and emission peaks of te Auorescent dye we 492 and 517 nm,
respectvely. Fluorescence in the FL-1 chaanel wus collected along with
forward-angle and 90F light scattec. The cells were sorted for dye-negative
cells. A gute was applied around the celt poputation (o evatuate cellular
events, Single-parametcr histograms bascd on 10,000 evenis were ana-
lyzed using CellQUEST software (Beclon Dickinson). Afice sorting, the
dyc-negative cells (unlabeled and undyed) were collecied. pooled, washed
and finally resuspeaded in 2 m of 5 uM EDTA in PBS. Aliquats were
ased (o determine the mean activily per cell. An addivunal 0.5 ml of the
suspension was subjected i FACS for the second dme o check the purity

of sorted cells (i.c. absence of dye-positive cells).

Assessment of GHC by Flow Cviometry

The presence of funcrional GJIC berween Y79 cells in mullice|fubar
Clustecs maintuined st 10:5°C in the absence and preseace of lindane was
monitored by flow cytomeiry. The method of Goldberg er al. (20) was
used with modifications. Cells (4 or 2 X 10°) were Joaded with calcein
AM (Maolecular Probes). This flunrescent dye becomes membrune im-
permeant when it eaters the cell. However, it can traverse funcional gap
junctions (21). The loading was achieved by incubating cells for 25 min
at 37°C in the prescoce of 2 ml of 20 pM dye in PBS. The cells were
then washed with PBS, resuspended in prewarmed MEMA, incuhated a
IT'C for 30 min, und centrifuged, nnd the supernatant was decanted.
Undyed cells were weated similasly. These cells were used to form mul-
ticellufar clusiers containing 100 or 50% dyed cclls. The clusters with
50% dyed cclly were prepared in the presence or ubsence of {00 pM
lindane. The clusters were then maintained at 10.5°C for 72 h. The cells
from clusters were washed with PBS and resuspended in | ml of 5 p
EDTA in PBS. [ the lindane-ceated cells. all steps after the dyeing
procedure, inclading washes and resuspensions, were carried oul in the
presence of lindane. GJIC was interpretcd us the abilicy of the dye to
piss from pre-dyed cells to undyed cells. This was determioed by mea-
suring the fluorescence of cells with the FACSCaliber flow cylomeier
with a 530-nm band pass filter using the technique of Tumasetto er at.
(22). Fluorescent signals were processed over a four-decade logarithmic
range. The clusters containing 100% dyed and undyed cells served us
positive and ncgutive contwols. A oo -dye-teansfer control far the 50%
dyed cell clusicrs was preparcd by mixiag ¢qual volumes of the final
suspensions of the 100% dyed und undyed cells, and the resulting mixiure
wis immediately analyzed with the flow cviometer.

RESULTS

100% Labeling: Response of Muliicelllar Clusters and
Cell Suspensions

Figure | illustrates the surviving fraction of cells main-
tained in multicellular clusters for 72 h as a function of °H
activity (mBq) per labeled cell. Also shown is the survival
curve obtained when cells were prepared identically except
for maintenance as a single-cell suspension for 72 h at
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FIG. L Survival of V79 cells as 4 function of activity per labeled ccll
whenein 100% of the cell population was labeled with [*H]dThd. Cells were
mainained n MEMA as mullicellular clusters in the absence () und
presence (@) of 10% DMSO, or as suspensions in the absence of DMSO
(C)). Duta points represent the average at eight (Q), three (@) and wo
(C) experiments, respecuvely. Standard erors wre shown accordingly.

10.5°C [see ref. (19) for experimental details). The data
were fitted by least squares to the relationship

SF = (| = ble~* + b ey, (1)

where SF is the surviving fraction, A is the activity per
labeled cell, and b, A, and A, are the fined parameters. The
parameters A, and A, are analogous to D, values for the
first and second components, respectively. With b = 0 for
monoexponential response, the fitted values of A, for clus-
ter and suspension are 0.80 * 0.02 and 0.76 * 0.04 mBg/
cell, respectively. The response of the cells to incorporated
[*H]dThd is essentially the same whether the cells are ar-
ranged in the form of a cluster or are maintained as a single-
cell suspension, Therefore, this suggests that the cells with-
in the cluster do not receive any significanl exposure o
radiation from their neighbors (Le. no cross-imadiation).

100% Labeling: Mudrjﬁcarion of Response by DMSO and
Lindane

The surviving fractions of cells in multicellular clusters
assembled and maintained in the presence or abscnce of
10% DMSO are also shown in Fig. 1. A least-squares fil
of the data for cach reatment condition to Eq. (1) with &
= ) gives A, values of 1.5 * 0.08 and 0.80 % 0.02 mBqy/
cell for 10% and 0% DMSO, respectively (Table 1}. The
dose modification factor {DMF), which indicates the degree
of protection provided to the labeled cells by 10% DMSO.
is expressed by the ratio of A, values in the presence and
absence of DMSO as follows (/9, 23):

DMF([*H)dThd, 10% DMSO)
A, (with DMSO) o
A, {without DMSQ)’

As shown in Table 1, a DMF value of 1.9 % 012 is ob-
tained, which indicates that 10% DMSO is able o protect
V79 cells against lethal damage in clusters when all cells
are labeled with [PH)dThd. As reported earlier (15), 10}
M lindane did not have any effect on the survival of cells
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TABLE 1
Fitted Parameters for Survival Curves and Bystander Modilication Factor for Multicellular Clusters
Percentage Bysunder
of cells  Number of Az Ay mediticution
Treatment labeled experiments ] (mBq/lubeled cell) (mBgflabeled celd factor*
[H}dThd 100 8 0 Q.80 = Q.02¢ — —
[*H1dThd + 10% DMSO 100 2 0 1.5+ 008 — 1.9 =012¢
[H]dThd M1 4 0.6l * 0.09 n.219 % 0.16 48 = 1.1 —
(*H}dThd + 10% DMSO 50 5 052 * 0.08 1.5 =028 11 x 21 2.3 =068
(*H}dThd + 100 jup lindane 50 3 0.68 = 003 0.72 = 0.15 182+ 20 3.8 2 09
[PH]dThd + 10% DMSO + 100 pM lindane b1)] 3 061 = 0.03 Lt =020 95 £28 6.1 =15
(*H)dThd 10 2 037 =002 0.96 £ 0.40 494 = ]9 —
[HJdThd + 10% DMSO 10 2 ¢34 = 002 14 = 065 670 x 43 L4 =010
['H]dThd + 100 pA lindanc ’ 10 2 082 = 002 14077 1.0 £ 6.7 1.3 =018
('H}dThd + 0% DMSO + 100 A lindane 10 2 086 + 003 15=18 1124 =75 23017

v A, and A, are analogous © the O,
v A, (with meatmentyA,; (without treaument}.

“Mean = SE.
s For 100% labeling, this quuatity represeals the tradidgonal dose m

from a multicellular cluster when alt cells were labeled with
PH]dThd. This suggests that the bystander effect does not
significantly contribute to the killing of radiolabeled cells.

$0% Labeling: Modificarion of Response by DMSO and/
or Lindame

Figure 2A shows the cell surviving fraction as a function
of the level of radioactivity per labeled cell for multicellular
clusters in which 50% of the cells were labeled with
(*H}dThd. The clusters were maintained in the presence of
(1) MEMA, (2) 10% DMSQ in MEMA, (3) 100 uM lin-
dane in MEMA, or (4) 10% DMSO + 100 M lindane in
MEMA. As shown in Fig. 2A, a two-component exponen-
tial survival curve emerges when the data from each ex-

1
A
0.0
c 0.0t
2
i ?
a 0.001 A Iy I
“é 0 10 20 30 40 50 60 70 80
z
4
=
@
0.1
0.01 L L

0 s0 100 150 200 250 300
Activity par Labelad Call (mBq)

F1G. 2. Survival of Y79 celix 25 a function of activity per labeled cell
in which 50% (panet A} or 10% (pancl B} ol the cells were labeled with
[*HWThd and used to form multicellular clusiers. The clusiers were main-
tained in MEMA (O, 10% DMSO in MEMA (0), [00 g lindane in
MEMA ((]. vr 10% DM50 + 100 M lindane in MEMaA (). Daw
from wo o five independent experiments are presented for cach weat-
ment. Sandurd ermars for each data point are of the urder of the dimen-

<inns of the symbols.

's of the first (laheled cells) and secund (bystander cells) compunents of th

¢ fited survivel curve {Eg. 1).

odification Tacwr (DMF).

perimental condition are fitted to Eq. (1). As expected, the
transitjon from the first to second component OCCurs near
50% sucvival. Table 1 summarizes the fited parameters for
the different weatment conditions. The fitted parameters tor
cases (1) and (3) are slightly differeat from those obtained
previously (/3) because the new values include results of
additional experiments not reported earlier. In the absence .
of any treatment, as the activity per labeled cell increases,
the surviving fraction drops sharply to about 50% and then
continues to drop, albeit with a shallower slope. The first
compenent of the two-componenl survival curve represents
killing of the radiolabeled cells. whereas the second corm-
ponent represents killing of unlabeled bystander ceils {1J).
Addition of 10% DMSO afforded significant protection
against lethal damage to unlabeled bystander cefls. In fact,
the value of A, changes from 4.8 * L.1to 11.1 + 2.1 mBg/
labeted cell (Table 1). If one considers this change a con-
sequence of modification of the bystander effzcts imparted
by the labeled celis to unlabeled cells, then the bystander .
modification factor (BMF) is defined as’

. A, (with trentment) o)
A, (without treatment)

BMEF

The bystander modification factor for 10% BMSO in mul-
ticellular clusters containing 50% cells labeled with
[PH)dThd is 2.3 * 0.63 (Table 1). A greater degree of pro-
tection of the bystander cells was achieved with 100 uM
lindane (bystander modification factor = 3.8 = 0.94). This
value is within statistical uncertainties of the previously re-
ported value of 3.5 * 1.0 (/3). The most drunuatic protec-
tion of the bystander cells was manifested by 4 combined
treatment of 10% DMSO and 100 wM lindane, which yields

“fn our prevlaus comnunication, we designated w atie of the A,
values us o bystander blocking faciwr. This name was salectod Lecause
lindane is 3 gap junction inhibiter in VT9 cails. The nitange in namc i
bystunder modification factor acknowledges the fact thut other agents
h 2s DMSO can madilfy the response through other mechanisms,
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F1G. 3. Intracetlular *H activity in V79 cells a3 u funcuion of time. The
period 0-12 b represents the uptake of the radicchentical. The period 12~
34 h represents the 72-h perod in which the cclly were maintained at
10.5°C. The period beyond 84 h corresponds w the 1-week period of
colony formation, when the cellular activity has un effective half-time of
~12 h. The arca under the curve is proportiona] (o the cumulative decays
in the ¥79 cell nucleus. Approximatcly 76% of the iniracellular decays
accur when the cells were maintained ut 10.5°C.

a shafp drop in the response curve to about 50% survival
and only limited cell killing at higher activities per labeled
cell (Fig. 2A). Under this experimental condition, a by-
stander modification factor of 6.1 £ 1.5 was obtained.

10% Labeling: Modification of Response by DMSO and/
or Lindane

The multicellular clusters were also prepared with a mix-
ture of 10% radiolabeled cells and 90% unlabeled cells. As
in the case for 50% labeling, Fig. 2B shows a similar two-
component exponential response for each treatment condi-
tion. As expected, the transition from the flrst to second
component for 10% labeling occurs nvar %0% survival. The
parameters resulting from least-squarcs fits to Eq. (1) are
given in Table 1. The bystander modification factors cor-
responding to 10% DMSO, 100 p# lindane, and 10%
DMSO + 100 pM lindane are 1.4 % 0.10, t.8 £ 0.15, and
2.3 # 0.17. respectively (Table 1). These values for the
case of 10% labeling were of lesser magnitude than those
for the 50% labeling. However, like the data for 50% la-
beling, the data for 10% labeling show that the kiiling of
unlabeled bystander cells does not saturate even though the
number of labeled cells that come in contact with unlabeled
cells is five times less than in the case of the 50% labeling.

Biokinetics of ["H}dThd in Cells

The uptake, maintenance and clearance of ["H]dThd in
V79 cells as they proceed through different stages of the
experiment are depicted in Fig. 3. The area under the curve
is propordional to the cumulated activity (decays) of *H in
V79 cell nuclei. The pedod of 012 h represents the uptake
of the radiochemical ar 37°C. Previous studies have shown
that the uptake is linear in time during this period (23), The
period of 12-84 h represents the 72-h period in which the
cells were maintained at 10.5°C in the cluster configuration.

. R
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F1G. 4. Evidence of no migration of radiosctivity from laheled (o un-
labeled cells in multicellular clusier contuining 50% labeled cells, V79
cells were radiotabeled with [*H|dThd. dyed with CFDA, and mixed with
unlabeled and undyed cells, and cell clusters were prepared and main-
wined ul 105°C for 72 h, Panel A: After 72 b, flow cytomewry analysis
shows that 49.6% of the cells remained dyed (M1). Pane! B: The undyed
cells (M2) were separated from the dyed cells (M1) by FACS. No sig-
nificunt radioactivity was found in the undyed cells.

As expected, the cellular activity did not change during this
period. Finally, the curved region corresponds to the |-
week period of colony formation at 37°C, where the cellular
activity has an effective half-time of ~12 h, which is in
agreement with previous data (23). Integration under the
curve and normalizing to 1 mBq give the mean cumulated
activity (decays) in a labeled cell, A = 343 Bq s per mBg
in the cell. Finally, it should be noted that about 76% of
the intracellular decays occurred while the cells were main-
wained in the cluster configuration at 10.5°C (23).

No Migration of Radioactivity in Multicellular Clusters

The multicellular clusters consisting of 50% radiolabeled
and dyed cells and 50% unlabeled and undyed cells were
maintained at 10.5°C for 72 h, dispersed, and analyzed by
flow cytometry to verify percentage of cells dyed. The anal-
ysis of CFDA-positive and CFDA-negative cells is shown
in Fig. 4A. The data confirm that 49.6% of the cells were
dye-positive (M1 gate) and hence labeled with "H]dThd.
The dye-negative cells (M2 gate) were then sorted and
again analyzed by flow cytomewry (Fig. 4B). Figure 4B
shows that the undyed cells (M2 gate) were separated to a
purity of ~97%. Aliquots of these cells were counted for
radioactivity, and it was determined that they contained an

‘average of 0.013 mBg/cell. The Ml-gated (dye-positive)

cells shown in Fig. 4A contained 1.5 mBg/cell. Since the
dye-negative cells have a 3% contamination of radiolabeled
and dyed cells, this population should have an average of
at least 0.045 mBg/cell. This is well above the 0.013 mBg/
cell obscrved. Therefore, (hese data provide strong evi-
dence that there is no migration of [PH]dThd from radio-
labeled cells to surrounding unlabeled cells under the ex-
perimental conditions used.

Absorbed Dose to Labeled and Unlabeled Cells

The short-range B particles emined by “H have 4 spec-
rum of energies from 0-18.6 keV (24), with ranges in wa-
ter from 0-7 wm. The mean energy of the electron is only
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5.7 keV, and it has a range of 1 pm in water. The mean
diameter of a V79 cell is 10 pm, and the mean diameter
of its nucleus is 8 pm (25). Using the model of Goddu er
al. (26) and the full 'H -particle spectrum, the mean self-
absorbed dose to the nucleus of a labeled cell per unit cu-
mulated acttvity in the nucleus of the labeled cell is
S.uflabelede—labeled) = 2.61 X 107 Gy/Bq 5. The mean
self-absorbed dose o the nucleus, D, (labeled), is 4
S.i{labelede—labeled) = 0.895 Gy per mBq in the cell.
Therefore, the mean lethal dose for 100% labeling is D,,
= 0.830 mBq (0.895 Gy/mBq) = 0.72 Gy. In contrast, the
mean cross-dose to a neighboring unlabeled cell per unit
cumulated activity in a single labeled cell is
S.ma{unlabeledelabeled) = 3.03 X 10-* Gy/Bq s. For 50%
labeling, each unlabeled cell has 12 neighbors, 6 of which
are labeled (26). Therefore, 5% (unlabeled«labeled) =
182 X 107 Gy/Bq s and D==(unlabeled<labeled) =
0.00624 Gy mBq~' in the labeled cell. Therefore, the dose
w0 the labeled cell is over 140 times that to the unlabeled

cell.

Functional GJIC in Multicellulur Clusters

The Buorescent dye calcein AM was used to ascertain
the presence of functional GJIC. As shown in Fig. SA, the
background fluorescence associated with undyed cells re-
sulted in a single low-intensity peak with a geometric mean
of 2.9. When 100% of the cells were dyed, a single broad
and intense peak was observed with a geometric mean of
290 (Fig. 5B). When 50% of the cells were Joaded with the
dye, two peaks emerged with geometric means of 13 and
203, respectively (Fig. 5C). The peak corresponding to ini-
nially undyed cells has shifted markedly to the right, indi-
cating that dye has been transferred from dyed to undyed
cells. Hence functional GJIC is présent in the V79 multi-
cellular clusters maintained at 10.5°C. Addition of lindane
inhibited dye transfer, as shown by the similarity of its his-
togram {(Fig. 5D, geometric means of 9 and 225) to that of
the 50% control culture, where no dye transfer was possible
(Fig. SE. geometric means of 6 and 260). These data sup-
port the capacity of lindane 10 attenuate GJIC under the

present experimental conditions.

DISCUSSION

The present study has used a three-dimensional tissue
culmure model (13) to quantify the lethal effect of nonuni-
form distributions of [PH}dThd. This model affords a high
degree of control over the percentage of radiolabeled cells
in the cluster. The short range of the *H B particles prevents
significant irradiation of unlabeled cells by radioactivity in
the labeled cells (/3). This is supported by the data in Fig.
I that show that the mean lethal *H activity per cell required
to achieve 37% survival is essentally the same for 100%
labeling regardless of whether the cells ure maintained as
clusters (0.80 = 0.02 mBg/cell) or in suspension. where no
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FIG. 5. Single-parameter histogram from Nlow cytometry of V79 cells
from a multicetlular cluster conaining (panel A) 0%, (puncl B) [00% or
{pancl C) 50% dyed cells. (panel D) 50% dyed cells in the presence of
100 pM lindane. or {panel E} an equal mixwre of 0% and 100% dyud
cclls followed by immediste analysic. Transfer of the fuorescent dye
culeein AM from dyed to undyed cells in the case of $0% dyed cells is

seen in the right lutcral shift in the peak poslton correzponding 1o the

cells chat were intiully undyed (panel C). Additon of lindane dramati-
<ally reduces the degree uf dyc transfer (panel D) as seen in (he similarity
to the 50% contral histogram. where no dye anster was possible (panel

E).

cross-dose is possible (0.76 * 0.04 mBg/cell). It is also
supported by theoretical calculations for 50% labeling (see
Results section) that yield mean absorbed doses to the la-
beled and unlabeled cells of 0.895 and 0.00624 Gy mBq'
per labeled cell. respectively. Since the activity per labeled
cell required to effect 1% survival is about 20 mBq per
labeled cell (Fig. 2A), the dose to the unlabeled cells in
this case would be about 0.12 Gy. Assuming an equal ef-
fectiveness per gray between self- and cross-irradiation
(worst-case scenario), this would produce an SF of 0.84 in
the unlabeled cells which comprise 50% of the population.
If all of the labeled cells were killed, and the kiling of
uniabeled cells was due to irradiation of their nuclei, this
would yicld an expected SF for the entire population of
about 0.42. Simijlar results emerge for the case of 10% la-
beling. The difference between 0.42 and the observed SF
of 0.01 suggests that mechanisms other than cross-irradia-
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tion play the principal role in the observed killing of un-
{abeled bystander cells.

Three different radiolabeling conditions were investigat-
ed in which 100, 50 or 10% of the cells within the multi-
cellular clusters were labeled, each resulting in markedly
different survival curves. The data for 100% labeling in
Fig. 1 yielded an expoaential survival curve with & mean
lethal cellular activity of 0.80 mBg/cell. In contrast, the
data for SO and 10% labeling required fits to & two-com-
ponent exponential function (Fig. 2A, B). These fits and the
resulting parameters (Table 1) indicate that about 50 and
(0% of the cells are killed at relatively low activities per
labeled cell because only the labeled cells are kilied. How-
ever, the second components (Fig. 2) indicate that unlabeled
ceils are killed even though they do not receive significant
irradiation. This strongly suggests that bystander effects are
responsible for killing of unlabeled cells. Furthermore, the
linearity of the second components suggests that the by-
stander signal increases exponentially with the dose to the
_ labeled (irradiated) cells. This finding appears to differ from

the data of Wu et al. (27), who found a saturation in the
duse response for mutation induction in A, cells irradiated
through the cytoplasm with an a-particle microbeam. They
observed a similar saturation in response when cell survival
was used as the end point (data available only down to
about 70% survival). They postulated that the saturation
after eight a-panticle traversals may have been due to the
fact that the traversals were split berween only two areas
in the cytoplasm (27), suggesting that a more uniform ir-
radiation of the cytoplasm may have eliminated the satu-
ration. While this may be the case, the present data do nol
involve irradiation of the cytoplasm of the same celf; rather
they involve death of unlabeled bystander cells adjacent to
cells whose nucleus is irradiated by Bparticles ‘emitted by
[*H]dThd. Therefore, given the very different iradiation
conditions (cytoplasm of the same cell compared to the
aucleus of a neighboring cell), it is possible that different
mechanisms are operational, which could lead to different
dose~response relationships. Furthermore, considering oth-
er diffecences between the experimental protocols (e.g. ra-
diation type, cell type, dose of radiation to targel cells, tem-
perature, cell geometry), it is not surprising that differences
were observed.

A more recent report from the same laboratory examined
the mutagenic response in the surviving bystander cell pap-
ulation after irradiation of 0, 5, 10 or 20% of the ceil nuclel
with 20 a particles from the microbeam (28). Under these
inadiation conditions, which were somewhat similar to
those in the present study, they found a linear increasc in
the mutant fraction of bysiander ceils as the percentage of
cell nuclei in the population that were hit with the 20 «
particles was increased. A plateau was reached whea 10%
of the nuclei were hit such that there was no significant
difference in mutation fraction when 20% of the cells in
the population were hit. As indicated by the authors, this
was perhaps expected in their two-dimensional monolayer
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model because the number of unirradiated cells in direct
contact with an irradiated cell is not much different in the
two cases. The data in the present work also suggest that
percentage of cells labeled is an important determinant for
bystander effects. However, in the present work, higher per-
centages of labeling appear to impart bystander effects
more efficiently in the three-dimensional cluster model. The
fied values for A, (Table 1) differ by about 10-fold for
10% and 50% labeling, despite vnly a 5-fold difference in
the percentage of cells labeled. Therefore, the efficiency of
the transfer of bystander effects is reduced by a factor of
two for 10% labeling compared to 50% labeling. It is pos-
sible that coupling of an average of aboul 1.2 radioactive
cells to each bystander cell (10% labeling) results in trans-
mission of damage signals to a single region of the bystand-
er cell compared to a more uniform transmussion when 6
radioactive cells are coupled to each bystander cell (50%
labeling). This could lead to less efficient killing of the
coupled bystander cell. Although we are not aware of any
experimentel data to support this hypothesis, this acgument
is analogous to that of Wu et al. (27) for cyloplasmic ir-
radiation. _

Gap junctional intercellular communication has been im-
plicated as an important mediator of radiation-induced by-
stander effects (6). Gap junctions are intercellular mem-
brane channels that directly link the interiors of neighboring
cells. These channels have diameters of 1.5-2 nm and per-
mit the direct passage of small (<2,000 Da) molecules be-
tween the cytoplasm of neighboring cells (29). V79 cells
were reported 10 have some GJIC at physiological temper-
ature (/6-18, 30). It has also been shown by scrape-loading
and dye transfer that V79 cells retained GJIC even when
maintained for 72 h at 10.5°C as a confluent monolayer
(13). While this served as evidence of GIIC in monolayers
at 10.5°C, it was necessary to demonstrate the presence of
functional coupling of V79 cells in muliticellular clusters
maintained at 10.5°C. This was studied in the present work
by monitoring the transfer of the fluorescent dye calgein
AM, which can traverse gap junctions, by flow cytometry.
Figure 5 shows that functional gap juactions ace indeed
formed between the neighboring cells within the cluster. as
shown by the transfer of calcein AM from dyed to undyed
cells. Moreover, the current study also shows that GIIC
between V79 cells in the multicellular cluster can be inhib-
ited 10 some degree by lindane. This is in agreement with
earlier findings (/7. J{). It is perhaps not surprising that
functional coupling occurs at 10.5°C. Ward et al. (32) have
shown that V79 cells are able (o repair DNA single-strand
breaks at 10°C. albeit at a reduced rate. Double-strand
breaks were not repaired ai this temperature. Therefore.
while 10.5°C dous not represent normal body tempersture.
many imporant physiological processes such as repair and
GJIC remain operational.

To elucidate the potential mechanisms responsible for
bystander cffects observed with 50 and !0% labeling.
DMSO andfor lindane was added 1o the culture medium
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before the multicellular clusters were formed, Our results
show that 10% DMSO offered a fair degree of protection
of bystander cells in both labeling situations (Table 1). A
better protective effect was afforded by 100 waf lindane.
However, copcurrent treatment with DMSO and lindane
brought abour maximum protection of the bystander cells.
For 50% labeling, the effect of a combined treatment was
more peominent than for 10%, with bystander modification
factor values of 6.1 % 1.5 and 2.3 * 0.17, respectively.
Ttus difference may be explained in light of the interactions
between the labeled and vnlabeled cells. The merabolic
generation of ROS due to oxidattve stress after exposure to
ionizing radiation has recently been hypothesized as a me-
diator of bystander responses in unirradiated cells (/0, 33).
Exposure 1o high concentrations of ROS results in a wide
spectrum of DNA damage, cell cycle arrest, senescence,
and eventually cell death (/. 34-36). In the present study,
significant protection (DMF = 1.9 = 0.12) was afforded
by DMSQ against killing of cells in multicellular clusters
in which 100% of the cells were labeled. The inwacellular
generation of “OH by 'H decays may be the principal cause
of cell death. DMSO is a potent scavenger of ‘OH (37),
and it is therefore expected to aueuvaie the effect of
("HjdThd provided that an adequate concentration of
DMSQO is used (/9). However, ‘OH are short-lived ard can
diffuse only about 4 nm (38). Thus, while these "OH may
account for lethal damage to labeled cells in the case of
100% labeling, no transmissible fethality to unlabeled by-
stander cells should occur with this source of "OH. How-
ever, it is possible that there could be more persistent pro-
duciton of "OH from another source such as superoxide
{O,7) (F0, 39). [t is possible that free radicals, particularly
‘OH, produced through these mechanisms could lead to
membrane lipid peroxidation and consequent formation of
a number of tree radicals capable of producing DNA dam-
age and cell death (¢0-42). While DMSO could block some
of the above events in labeled cells and thereby reduce the
concentration of free radicals in bystander cells, it is pos-
sible that some of the long-lived radicals that are not scav-
enged by DMSO may escape through gap junctions, reach
the neighboning cells, and subsequently inflict lethal dam-
age on these cells. The ability of lindane to block gap junc-
tions may prevent the radicals from reacting with the DNA
of bystander cells. However, lindane may not entirely abol-
ish GJIC and provide complete protection against damage
to the bystander celis by ROS originating in the labeled
cells. This is likely in view of the fact that lindane affects
GJIC by altering the permeability of gap junction channels
and the number of gap junctions ({6, 43). Further support
for this is provided by the data in Fig. 5D, which shows
that GJIC-mediated dye transfer was not completely
blocked by lindane. Based on the above arguments, the
presence of hoth DMSO and lindane might be expected to
have an impact on both the ‘OH-initiated events in the la-
beled cells and their propagation through gap junctions to
the bystander cells. This may explain why the, bystander
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modification factor is greater for the combined treatment
with DMSO and lindane compared to treatment with either
agent alone (Table 1).

Our resuits with lindane indicating the involvement of
GJIC in bystander effects caused by nonuniform distribu-
tions of incorporated radioactivity are consistent with those
of Azzam et al. (6), who reported a similar reduction of a-
particle-induced bystander effects in human diploid fibro-
blast cell population by lindane. Recently, Zhou et al. (28)
have provided evidence that irradiation of human~hamster
A_ cells induces a bystander mutagenic response in unir-
radiated neighborng cells that can be inhibited by iindane
but not by DMSO. They concluded that a signal transduc-
tion pathway other than ‘OH-mediated oxidative stress
might play a role in mediating the bystander responses for
@ particles. Although the present siudy with B particles
implicates "OH as the primary oxidant species responsible
for the initiation of damage to bystander cells, it i5 also
possible that other signaling mechanisms wiggered by ROS
may be involved as proposed by lyer and Lehnert (/2). In
this context, it should be mentioned that oxidative stress
has heen comrelated with the induction of signal transduc-
tion that is linked to a variety of deleterious effects of ra-
dration (34, 4446). -

[n conclusion, the present study provides new dawa on
the biological effects of nonuniform distributions of incor-
porated radioactivity using a novel approach to specifically
control the degree of nonuniformity. This study also estab-
lishes the response of V79 multicellular clusters to incor-
porated radioactivity and furnishes substantial evidence that
bystander effects play a significant role in determining the
biological effect of incorporated radioactivity. Furthermore,
these data suggest that at least a part of the observed by-
stander effects are initiated by free radicals and mediated
through gap junctions. These findings may ultimately en-
hance our capacity to predict the biclogical response of
turnor and normal tissue in nuclear medicine and from en-
viconmental exposure to radioactivity.
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Abstract

A three-dimensional cell culture model composed of human-
hamster hybrid (AL) and Chinese hamster ovary (CHO) cells in
multicellular clusters was used to investigate low linear
energy transfer (LET) radiation-induced bystander genotox-
icity. CHO cells were mixed with Ay cells in a 1:5 ratio and
brieily centrifuged to produce a spheroid of 4 % 10° cells. CHO
cells were labeled with tritiated thymidine ({*H]dTTP) for 12
hours and subsequently incubated with Ay cells for 24 hours at
11°C. The short-range 3-particles emitted by [*H]dTTP result
in self-irradiation of labeled CHO cells; thus, biological effects
on neighboring Ay cells can be attributed to the bystander
response. Nonlabeled bystander A; cells were isolated from
among labeled CHO cells by using a magnetic separation
technique. Treatment of CHO cells with 100 uCi PH]dTTP
resulted in a 14-fold increase in bystander mutation incidence
among neighboring Ay, cells compared with controls. Multi-
plex PCR analysis revealed the types of mutants to be
significantly different from those of spontaneous origin. The
free radical scavenger DMSO or the gap junction inhibitor
Lindane within the clusters significantly reduced the mutation
incidence. The use of A, cells that are dominant negative for
connexin 43 and lack gap junction formation produced a
complete aftenuation of the bystander mutagenic response.
These data provide evidence that low LET radiation can
induce bystander mutagenesis in a three-dimensional model
and that reactive oxygen species and intercellular communi-
cation may have a modulating role. The results of this study
will address the relevant issues of actual target size and
radiation quality and are likely to have a significant effect on
our current understanding of radiation risk assessment.
(Cancer Res 2005; 65(21): 9876-82)

Introduction

The radiation-induced “bystander effect” refers to the induc-
tion of biclogical effects in cells that are not directly traversed by
a charged particle but are in close proximity to cells that are,
The bystander effecl has been shown for a variely of end points,
such as micronucleus induction, cell lethality, gene expression,
and oncogenic transformation, by using a range of rodent and
hurnan cell culture models, but most studies have involved high
linear energy transfer (LET) a-particles (1), There is clearly a
need to ascertain whether a similar response can be observed
with low LET radiation at doses correlating to environmental
exposure.
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There is evidence that low LET radiation can induce a cytotoxic
bystander response in mammalian cells {2, 3). By using DMSQ and
Lindane as modulators, Bishayee et al. (4, 5) have shown that
bystander cytotoxicity is free radical initiated and gap junction
mediated, respectively. Furthermore, there is evidence that damage
to cells from short-range B-particles resulted in an enhanced
transformation yield among cells in close proximity by a factor of
10 compared with cells not in contact with damaged cells {6). In
addition, X-rays delivered by a microbeam that targeted a single
cell in a population produced bystander cell cytotoxicity that was
similar to that when all the cells were exposed (7). Studies have also
investigated the direct effects of low LET radiation where the entire
population of cells was targeted and subsequently evaluated. Low
LET protons were found to produce cytotoxicity, micronuclei
induction, CD59 mutations, hypoxanthine phosphoribosyltransfer-
ase mutations, and chromosomal aberrations (8-11).

Evidence for a bystander response based on in vivo studies are
rather limited. By evaluating tumor growth in mice, a significant
growth inhibitory effect was observed within the nonirradiated,
bystander tumor cell population adjacent to neighboring *H-
labeled tumor cells emitting short-range R-particles (12). By using
exogenous neutron-irradiated bone marrow cells implanted in
mice, the progeny was determined to exhibit chremosomal
instability (13). The present study uses a heterogeneous three-
dimensional multicellular model that can mimic a tissue
microenvironmment and thereby provide important information on
the relevance of the bystander effect to in vive conditions.

Many bystander studies with low LET radiation involve the
analysis of the cells as one population and not separately as directly
labeled/irradiated compared with the unlabeled/nonirradiated -
bystander cells. This study separated and isolated the directly
labeled Chinese hamster ovary (CHO) cells from the neighboring
nonlabeled bystander A;, cells within the clusters. This allows for
the most effective evaluation of the bystander response because the
bystander Ay, cell population can he studied independently for
cylotoxicity and mutagenesis. The human-hamster hybrid A, cells
used in this study contain a full set of hamster chromosomes and a
single copy of human chromosome 11, which includes the CD59
gene that encodes for the CD59 cell surface antigen. Mutants
{CD597) can be detected and scored with the use of a complement-
mediated cytotoxicity assay that uses the E7.1 monoclonal antibody
against the CD59 antigen to destroy wild-type CD59" cells while
sparing CD59™ cells that subsequently proliferate to form mutant
colonies. The mutation spectra of such tiutants can be determined
with great specificity because mutations are detectable that range
in size from a single base pair to chromosomal mutations involving
the loss of the entire human chromosome 11.

The demonstration of low LET radiation-induced bystander
mutagenesis in a cell culture model that represents in vive
conditions may influence the calculations involved in risk assess-
ment. This could subsequently result in changes in risk management
for low LET radiation exposure. This study was undertaken to show
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a correlation between low LET radiation and bystander mutagenic-
ity in a three-dimensional cell culture model and to implicate the
roles of reactive oxygen species and gap junctional intercellular
communication in the bystander response.

Materials and Methods

Cell culture. For this study, human-hamster hybrid (A(} and CHO
cells were used, The A cells contain a standard set of Chinese hamster
ovary-K1 chromosomes and a single copy of human chromosome 11 (14).
Human chromosome 1l encodes for the CD59 cell surface antigen,
and both the chromosome and the antigen can be used effectively in the
separation and identification of Ay cells in a mixture with other cell types.
Cultures were maintained in Ham’s F-12 medium supplemented with 8%
heat-inactivated fetal bovine serum, 25 pg/mL gentamicin, and 2% normal
glycine {2 x 107° mol/L} at 37°C in a humidified 5% CO; incubator.

Radiochemical labeling of Chinese hamster ovary cells and
preparation of multicellular clusters with A, cells. Both 8 x 10° Ap
and 8 % 10° CHO cells were preconditioned in 1 ml medium in 17 % 100
mm Falcon polypropylene culture tubes on a rocker-roller and incubated for
3 hours. Subsequently, 1 mL medium containing tritiated thymidine
([*H}dTTP; Perkin-Elmer, Boston, MA) was added to the tubes containing
CHO cells to produce various activities of the radionuclide. Tubes with
control CHO or A cells received 1 mL medium. All tubes were incubated for
12 hours after which they were washed thrice with medium to remove
excess [*H)dTTP from labeled CHO cells. Four tubes of unlabeled A, cells
were incorporated into one tube of radiolabeled CHO cells to produce a
mixture with a total of 4 X 10° cells that resulted in a ratic of I:5 of
radiolabeled CHO cells to unlabeled A; cells. The cell rixture was
centrifuged to produce a pellet and transferred in 0.4 mL medium to a
sterile 500 uL microcentrifuge tube, This tube was centrifuged at 1,000 rpm
for I minute to produce a cluster. .

Separation of A; and Chinese hamster ovary cell clusters by
magnetic cell separation. Clusters were maintained at 11°C for 24 hours
to allow self-irradiation of CHO cells and possible traversal of any bystander
signals to neighboring A; cells. After exposure, the supernatant was
carefully removed and discarded. The clusters were dispersed, transferred to
17 % 160 mm Falcon polypropylene culture tubes, and washed in PBS/EDTA
buffer. The cell mixtures were treated for 30 minutes at 4°C with a primary
CD59 antibody (Serotec, Inc., Raleigh, NC) that binds the cell surface
antigen on A, cells, Magnetic beads, coated with rabbit anti-mouse IgG that
acts as a secondary antibody to the monoclonal CD59 antibody, were
incorporated into the cell mixtures and incubated at 4°C for 15 minutes.
The cell mixtures were then passed twice through separation columns
between magnets {Miltenyi Biotec, Auburn, CA). The effluent contained the
unbound CHO fractions, whereas the Ay, portions remained in the columns.
The columns were removed from between the magnets and the Ay cells
were flushed with the aid of a plunger.

Flow cytometric analysis of the separated fractions of Chinese
hamster ovary and A, cells. Afier incubation of A;, and CHO cells in
clusters, magnetic separation was used to isolate two independent
populations. To establish whether the separation was proficient, analyses
on various mixtures of A; and CHO cells were done to determine the
efficiency of the magnetic separation. This was achieved by using flow
cytometric analysis that specifically identifies a FITC tag on the A cells. To
prepare the cells for such analysis, FITC-conjugated microbeads, as
secondary antibodies to the CD59 primary antibody, were used during
the separation. The immunophenotypical quantification of Ay cells in each
population was done with the use of a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA).

Role of free radicals and intercellular communication. To investigate
the role of free radicals, and cell-to-cell communication in bystander
mutagenesis, the radical scavenger DMSOQ (J.T. Baker, Phillipsburg, NJ} and
the gap junction inhibitor Lindane (Sigma Chemical Co,, St. Louis, MO)
were used, respectively. DMSO was used as a 0.2% mixture with medium,
and Lindane was used at a concentration of 40 pmol/L. Before the

formation of multicellular clusters, cells were washed with medium
containing either DMSQO or Lindane and clusters were generated. To
eliminate the indirect effects of Lindane, connexin 43-deficient A, cells
{DN6) that lack functional gap junctions were used in the cluster. Cells
(CXV2) containing the empty vector were used as their controls.

Functional gap junction formation between Chinese hamster ovary
and Ap cells. To show that intercellular communication was operational
between A; and CHO cells within the three-dimensional model, transfer of
the dye Calcein M (Molecular Probes, Boston, MA} from CHG to AL cells
was determined. Briefly, 8 X 10° CHO cells were incubated with 20 pmol/L
Caleein M for 25 minutes and washed twice with PBS to remove excess dye.
The cells were resuspended in medium and incubated for 30 minutes.
Control and nondyed cells were treated the same. CHO cells were combined
with 3.2 x 10° A cells, centrifuged to produce a cluster, and incubated for
24 hours at 11°C. This temperature was chosen to reduce the metabolic rate
of the cells, thereby allowing them to survive in the spheroid formation. The
cluster was resuspended in fluorescence-activated cell sorting buffer
and the extent of dye migration was determined by a FACSCalibur flow
cytometer.

Dose response for cell cytotoxicity. After the magnetic separation of
the clusters into A; and CHO fractions, cells were counted by using a
hemocytometer and then plated into 100 mm diameter Petri dishes for
coleny formation. Cultures were incubated for 7 days, after which they were
fixed with formaldehyde and stained with Giemsa. The number of colonies
was counted to determine the survival fraction.

Determination of the mutant frequency. To determine bystander
mutation, 2 X 10° cells were plated evenly on 12 single-well chamber
slides, resulting in ~ 16,666 cells per slide and incubated for 2 hours to
allow for cell attachment. After incubation, 0.3% CD59 antiserum and 1.5%
(v/v) rabbit serum complement (Covance, Denver, PA) were added as
described (15). The slides were incubated for 7 days to allow for mutant
colony formation. A, cells become sensitive to the CD59 antibody in the
presence of complement leading to lyses. However, Ay cells that are
mutated at the CD59 marker become resistant and proliferate to form
colonies.

Quantification of bystander mutants. Because the separation of Ar and
CHO cells by rmagnetic cell separation may not be entirely efficient, it was
necessary to differentiate between the two types of colonies by implementing
immunofluorescent staining of human chromosome 11 preseat in Ay cells.
The chamber slides with colonies were fixed, probed for human chromosome
11 by fluorescent in sifu hybridization {FISH) using-a peptide nucleic acid
{Applied Biosystems, Farmingham, MA) targeted toward the centromeres as
described (16). However, mutants that may have lost the entire centromere
would not be detected. Positive A;, colonies were scored with the use of a
confocal microscope. The mutant fraction at each dose was calculated as the
number of surviving mutant colonies divided by the product of the total
number of cells plated and the plating efficiency due to the presence of
complement alone.

PCR analysis of mutant spectrum. Mutants were independently
generated in 30 X 10-mum dishes and two mutants were isolated from
each dish. The colonies were expanded in T-25 flasks, had their DNA
extracted, and PCR analysis done as deseribed (17, 18). Five marker genes
on human chromosome 11 (Wilms' tumor, parathyroid hormone, catalase,
RAS, and apalipoprotein A-1) were subjected to PCR analysis based on their
mapping positions relative to the CD59 gene. Amplifications were done for
30 cycles by using a DNA thermal cycler model 480 (Perkin-Elmer/Cetus) in
a 20 pl reaction mixture containing 0.2 ug DNA sample in Ix Stoffel
fragment buffer, the four deoxynucleotide triphosphates, 3 mmol/L MgCl,,
0.2 mmol/L of each primer, and 2 units Stoffel fragment enzyme. The PCR
reaction cycle was composed of denaturation at 94°C for 1 minute,
annealing at 55°C for [ minute, and extension at 72°C for I minute, The
PCR products were electrophoresed on 3% agarose gels and stained with
ethidium bromide.

Statistical analysis. Data for cytotoxicity and mutation were calculated
as means and SDs of such means. Statistical significance of survival
fractions and mutant fractions was determined by the Student’s ¢ test. P <
0.05 between groups was considered to be statistically significant.
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Results

Efficiency of the magnetic separation of Ay, and Chinese
hamster ovary cells. This study is primarily focused on the
bystander response among neighboring A cells adjacent to directly
labeled CHO cells. To evaluate biological responses only in the
bystander Ay cells, the two cell types were segregated by a magnetic
cell separation technique. The competence of such a technique was
confirmed by using flow cytometric analysis of the two cell
populations. When 20% of CHO cells were mixed with 80% of A,
cells containing the human chromosome 11 encoded CD5% surface
antigens, the latter was purified by using magnetic beads coated
with FITC-conjugated secondary antibodies that bind to the A;, cells.
Figure 1 depicts the results of the A, fraction after magnetic bead
purification (Fig. 1C) and subjected to flow cytometric analysis. The
purity of the A, fraction was determined to be 99.24%. The controls
were unstained CHO (Fig. 14) and unstained Ay, (Fig. 1B) cells.

Activity of *H in A, and Chinese hamster ovary cell popula-
tions after magnetic separation. It is critical that [*H}dTTP
from directly labeled CHO cells does not enter the bystander A;
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Figure 1. Flow cytometric analysis of clusters of A(/CHO cells after magnetic
separation. Each cluster is composed of 20% CHO and 80% A cells. A and 8,
100% contrgl unstained CHO and A cells, respectively. G, purity of the A,
cell fraction is 99.24% after separation from CHO cells.
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Figure 2. Flow cytometric analysis to show the formation of functional gap
junctions between A and CHO cells in cluster. A, 80% nondyed A, and 20%
nondyed CHO celfs. 8, 100% dyed A, and CHO cells. C, 20% dyed CHO cells
coculiured with 80% nondyed A, cells.

cells within the cluster. The direct labeling of A; cells can result in
an exacerbation of the bystander cytotoxicity and mutagenesis.
To establish that there was no incorporation of radioactivity into
bystander A, cells, the *H activity of the cell populations was mea-
sured after rnagnetic separation. The directly labeled CHO cell
fraction had radioactivity of 2,260,850 cpm, whereas that of the
bystander A;, population was only 6,775 cpm or 0.3% that of the
CHO cells. .

Gap junctional intercellular communication between
Chinese hamster ovary and A cells in cluster. The transfer
of the dye Calcein M was used to establish the formation of gap
junctions between cells of the mixed population. Once taken up by
CHO cells, the dye can only traverse to neighboring Ap cells
through such junctions (5). As indicated by Fig. 2, when only the
CHO cell population was exposed to Calcein M with subsequent
coculturing with A; cells in a cluster, 100% of the cell population,
including the Ag cells, acquired the dye as shown in Fig. 2C. Figure
24 shows control, nondyed CHO, and nondyed A, cells, and Fig. 2B
shows 100% dyed cells.

Cytotoxicity of Chinese hamster ovary and bystander A,
cells in cluster. Figure 3 shows the dose-response relationship for
clonogenic survival of previously directly labeled CHO cells and
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nonlabeled neighboring bystander Ay cells after 24 hours of
coculture in a cluster where the ratio of CHO-to-A,, cells was L5
The clusters consisted of 4 X 10° cells of which 8 X 10° were CHO
cells and 3.2 x 10° were A cells. At the highest dose of 100 uCi
[PH]ATTE, survival fractions for CHO and A cells were 0.37 % 0.04
and 0.56 *+ 0.05, respectively, corresponding to a significant
difference (P < 0.05) in survival compared with their respective
controls. It was obvious from these data that the nonirradiated
cells showed a strong bystander effect in the mixed culture.

Mutagenicity of bystander Ay cells in cluster with Chinese
hamster ovary cells exposed previously to 100 pCi [*H]4TTP.
The bystander Ay cells were cultured for 7 days to allow for clonal
expansion and expression, after which they were analyzed for
mutagenesis. As shown in Fig. 44, when 80% of A cells were mixed
with 20% of nonlabeled CHO cells, the background CD59™ mutants
were ~20 + 15 mutants per 16° survivors. In contrast, the CD59~
mutant fraction increased to 270 + 53 mutants per 10° survivors
when A cells were mixed with 20% of labeled CHO cells, an
increase of 14-fold (P < 0.05) above background.

Mutant spectrum analysis. Multiplex PCR was used fo
determine the types of mutations associated with the CD59”
phenotype in the bystander A, cells. Individual clones were
isolated and analyzed for five human chromosome 11 markers
located on either side of the CD59 gene. A total of 190 mutants
were analyzed, including 41 of spontaneous origin. As shown in
Fig. 48, 59% of the spontaneous CD59™ mutants retained all of
the markers. By contrast, 80% of the bystander CD59™ mutants
serving as bystanders to CHO cells directly labeled with 100 pCi
[*H]dTTP had lost at least one additional marker. This included
44% that lost 8 minimum of three additional markers. These data
indicated that deletion mutations occur at a higher frequency in
bystander CD59~ mutants from clusters with 20% of *H-labeled
CHO cells than in clusters with nonlabeled CHO cells.

Role of reactive oxygen species in bystander mutagenesis. To
determine whether reactive oxygen species contribute to bystander
mutagenesis resulting from low LET exposure, the radical
scavenger DMSO was incorporated into the clusters. As shown in
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Figure 3. Survival of bystander A_ cells {B) in cluster with CHO cells (#}
labeled with graded doses of [*H|dTTP. Points, mean of three to four
experiments; bars, SO.
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Fig. 5, 0.2% DMSO was not cylotoxic and nonmutagenic to the Ap,
cells because the survival fraction and the mutant fraction were
almost identical to that of control. When DMS(Q was incorporated
into the cells in the cluster and maintained throughout the
incubation period, the bystander mutation frequency was reduced
from 118 % 30 per 10° survivors to 63 3 12 per 10° survivors,
corresponding to a 50% reduction. These data indicated that free
radicals, mainly hydroxyl radicals, may participate in the pathway
leading to bystander mutagenesis.

Role of cell-to-cell communication in bystander mutagen-
esis. Previous studies from this laboratory and others have shown
that Lindane can inhibit cell-to-cell communication (19-21). To
evaluate the contribution of cell-to-cell communication between
directly labeled CHO cells and neighboring nontabeled bystander
A cells, experiments were conducted by using Lindane, an
inhibitor of gap junctional intercellular communication, within
the cluster. Figure 6 shows that Lindane was able to significantly
decrease the mutant fraction from 174 + 26 per 10° survivors to
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84 + 17 per 10° survivors, representing a 52% reduction in mutant
fraction. In addition, using connexin 43-deficient Ay cells resulted
in a reduction of the bystander mutant fraction from 291 * 17 per
10° survivors to 17 + 4 per 10° survivors, representing 2 complete
attenuation (Fig. 7).

Discussion

This study used a three-dimensional multicellular cluster, with
two cell types, CHO and A;, which were separated after incubation
and analyzed as two independent cell populations, the directly
labeled versus bystander populations, respectively. There were five
times more A;, cells than CHO cells in the cluster. The CHO cells
were directly labeled with [PH]ATTP that was incorporated into
their DNA, and A, cells served as bystanders. The mean energy of
p-particles emitted from H is only 5.7 keV. This is equivalent to a
range of only 1 pm in water (22). Because the diameter of a CHO
celt nucleus is roughly 7 to 8 pm, nearly all the cells will be self-
irradiated with little probability that the B-particles will be able to
exit the CHO nucleus and hit neighboring, bystander Ay cells in
the cluster. To ensure that Ay bystanders were not directly labeled
by [PH}TTP two separate approaches were undertaken. First,
labeled CHO cells were washed thoroughly to remove any trace of
extracellular radioactivity before mixing with the A, cells. After the
final centrifugation to establish the cell clusters, the supernatants
were recovered and found to have minimum radieactivity. Second,
after the magnetic separation, the radioactivity of the enriched A
cell population was determined to be 0.3% of the directly labeled
CHO cells. This level of activity can be attributed to the few directly
labeled CHO cells that may be present in the A; cell fraction
because the efficiency of separation. was found to be enly 99.24%.
Another concern is the possibility of tritium release from CHO cells
undergoing apoptosis. However, CHO cell DNA fragments from the
apoptotic process are too large to cross the cell membrane and be
taken up by A, cells. Therefore, it implies that any detrimental
effects detected among bystander Ay cells will most certainly result
from signals originating in directly labeled CHO cells. Bystander Ay,
cells can respond to mediators from CHO cells because they are
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CHO cells in lineage, although A; cells contain a single copy of
human chromosome 11.

The direct labeling of a target population of cells and
subsequent incorporation of nonlabeled cells is another approach
toward investigating the low LET radiation-induced bystander
phenomenon. The other commonly used techniques involved
medium-mediated experiments (2, 23) and targeted approaches,
such as microbeams (8, 9), where the radiation insult is
temporary and the irradiated and nenirradiated cells are analyzed
togsther. In the present study, the incorporation of *H into the
DNA of directly labeled CHO cells will emit B-particles that
deposit their energy therein throughout the 24-heur incubation
period. For the other techniques, the initial insult lasts only a few
seconds; thus, any bystander response produced by nonirradiated
cells depends mainly on mediators released into the environment
and/or a traversal of signals through gap junctions between
targeted and nontargeted cells. For diagnostic or therapeutic
purposes, exposure to low LET radiation is relatively short term;
thus, any bystander response will propagate from the initial
interaction with the impending radiation as can be shown in vifro
by medium-mediated bystander experiments. However, in terms
of occupational or environmental exposure, the duration is
usually long term and becomes more significant if the
radionuclide enters the biological system. The present work will,
therefore, provide significant insight into occupational or
environmental exposure, such as that associated with Department
of Energy cleanup operations and space travel.

Previous bystander studies with B-particles have shown cell
lethality as the major end point of the bystander effect {(3-5). The
present study is the first to report that mutagenesis, as well as cell
lethality, occurs in neighboring bystander A cells clustered with
directly labeled CHO cells. Because the observed incidence of
mutation was a measurement of changes on the single copy of
human chromosome 11 present in the human-hamster hybrid A,
cells, it was probable that mutational changes were also imparted
to the hamster genome in the hybrid Ap cells and may have
contributed to cytotoxicity. The 0.56 survival fraction observed for
bystander Ay, cells was equated with a 14-fold increase in bystander
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mutation incidence. A 10-fold transformation yield was observed
previously in neighboring cells in proximity to cells also exposed to
B-particles (6). The background mutation incidence of 20 £ 15
mutants per 10° survivors was relatively lower than reported
previously (20). This can be attributed to the magnetic separation
technigue used to partition the clusters into the A, and CHO
fractions. This procedure uses affinity binding of an antibody
toward the CD59 cell surface antigen on Ay cells. Only CD59" Ay
cells will be immobilized on the separation column and become
available for the CD59 antibody-complement mutation assay.
In addition, CHO cells present in the bystander A; fraction after
magnetic separation can proliferate and be mistaken for mutant
colonies. To score only A, mutant colonies, the centromeres of the
human chromosome 11 in the cells were probed by a peptide
nucleie acid using FISH. The sequence of the probe is comple-
mentary to that of centromeres found in human chromosomes
only. This implies there will be no cross-reactivity with hamster
chromosomes; thus, only A mutant colonies will be stained and
scored. However, mutants that have lost the entire centromeric
region will not be scored leading to an underestimation of the
mutant fraction. CDR59-deficient cells that are lacking the
centromere can arise following exposure lo sparsely jonizing
radiation (24); thus, it is Jikely that the procedures used for mutant
selection in the present study underestimale the true CD5% mulant
fraction. This limitation may also induce bias toward the obscrved
mutant spectra for both control and treated cultures depending on
the proportion of mutants that have lost the centromeric region.
Nevertheless, the underestimated mutant yield will not change the
observed bystander mutagenic yield or the conclusions drawn.
Furthermore, a partial loss of the centromere will not affect the
efficiency of detection as the probe does not require the complete
sequence of bases.

The significant increase in cell lethality and mutation incidence
indicated a potent bystander signal or a significant amplification of
the bystander response especially because there were five times
more bystander Ap. The three-dimensional cluster conformation
provides more effective interaction of mediators because there is

more contact between the cell types compared with a two-
dimensional model. The cluster model also prevents any consid-
erable dilution of secreted mediators. The mutation spectra
obtained for the bystander A; cells was able to complement the
observed mutation incidence. A significant number of multilocus
deletions were observed in the majority of clones. Similar spectra
were generated from direct exposure of Ay, cells to X-rays and A,
cells to nitrogen and proton jons that target the entire population
of cells {10, 24). The overlap of mutation spectra implies that
similar mediators may be responsible for mutagenesis arising from
the bystander response or direct exposure to low LET radiation.
It must be noted that the reduction in metabolic activity as a
consequence of incubation at 11°C may influence the magnitude of
the bystander signals and counter response.

The P-particles emitted from *H incorporated into the DNA of
targeted CHO cells deposit energy that may ionize water molecules
in the vicinity leading to the initiation of lipid peroxidation, a
probable initial event. The data obtained from the utilization of
DMSO suggest that reactive oxygen species, mainly hydroxyl
radicals, a potent initiator of lipid peroxidation, may be involved
in the early stages of the cascade sequence. Bishayee et al. (5)
provided evidence to support this finding with low LET radiation
by using °H in a multicelular cluster with cell lethality as the end
point. However, with high LET o-particles, DMSO did not inhibit
the bystander mutagenic response in nonirradiated neighboring
cells (20). These observations suggest that the type of radiation may
influence the mediators and pathways involved in the bystander
response.

The cluster of CHO and A; cells allows for intimate contact
between the different types of cells. The migration of the
fluorescent dye Calcein M from dyed CHO cells to nondyed A
cells justified the formation of functional gap junctions allowing for
intercellular communication. The present finding that Lindane
provides protection against the low LET radiation-induced
bystander response is consistent with these observations. To
further confirm the role of intercellular communication, A; cells,
dominant negative for connexin 43 that will impair gap junction
formation, were used to evaluate bystander mutagenesis. In such
cells, there was complete attenuation of the bystander mutagenic
response.

The actual mediator or signal that influences neighboring
bystander A cells to elicit responses remains to be identified.
The size of molecules that can traverse gap junctions is usually
<1,500 Da (25) and can include a myriad of ions and small
molecules. The reactive oxygen species that may be generated by
the ionization of water are short-lived and can only migrate
distances significantly smaller than the diameter of cells; thus,
oxyradicals are ualikely to be directly responsible for the bystander
effect. It is plausible that the generation of reactive oxygen species
is among the preliminary events that occur in CHO cells
incorporating *H. This can subsequently lead to the synthesis
and/or secretion of molecules, small peptide mediators, or
sequestered ions into the intercellular space or through gap
junctions. Secretion of such might lead to interaction with the
membrane or intracellular components of neighboring bystander
A;, cells possibly leading to the initiation of a second messenger
system. Because the cells are in clusters for 24 hours with
continuous insult, this may result in the synthesis of secondary
mediators that are not normally present in any significant
concentrations. From medium-mediated and microbeam experi-
ments where the irradiation time is <1 minute, it suggests that the
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initial reaction to the stress is enough to propel the targeted cells to
produce bystander mediators.

The present study provides evidence that low LET radiation from
directly labeled cells can illicit 2 mutagenic response in neighboring
bystander cells and suggests that a signaling pathway involving
reactive oxygen species and/or the secretion of mediator molecules
may contribute to the observed bystander effect. Because free
radicals are unlikely to traverse cells, it is possible that secreted
mediators can induce reactive oxygen species formation in
bystander A, cells that can contribute to cytotoxicity and
mutagenesis. The numerous multilocus deletions ebserved in the
mutant colonies suggest that such oxyradicals may be directly
involved in the mutation event. The possible utilization of gap
junctions for the transmission and propagation of the bystander
signal to adjacent cells implies that it requires a relatively small

number of target cells to elicit a major response. The bystander
cytotoxicity and mutagenesis findings of this study are consistent
with those from high LET radiation studies with o-particles.
Therefore, it implies that risk assessment for low LET radiation
exposure may require similar management guidelines as those
established for high LET radiation.
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